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FLIGHT SAFETY STUDIES PHASE I 

1 -0 INTRODUCTION 

Considerations of the safety aspects of conc ucting orbital missions with 

a nuclear rocket are presented in  WANL-TNR-052. These considerations include various 

aspects of reactor destruct, problems of determining required data on fission prduct 

release from MRVA fuel material, and the burnup of the reactor upon re-entry. This 

report comprises three (3) topical reports. A brief abstract of each of these topical reports 

i s  given in  the following paragraphs. 

2.0 WANL-TNR-038. TRANSIENT REACTOR EXPERIMENTS ON NERVA FUEL MATERIAL 

Consideraticms of the safety aspects of orbital missions with a nuclear rocket 

indicates that an effective way to minimize hazards related to the possibility of an intact 

reactor falling on land is to destroy the reactor while i n  flight. This report i s  concerned 

with an experimental program to determine the feasibility of using a reactor transient to 

destroy the core of a nuclear rocket- In addition to this primary objective, the transient 

experiments provide information on the nature of the shutdown mechanism, a determinotion 

of fission product release during controlled reactor transients, and a study of reactions 

between NER'-'A fuel and water during a reactor transient. 

3.0 WANL-TNR-039, RE-ENTRY AND BURNUP OF REACTOR FRAGMENTS 

I f  tire reactor in orbit i s  broken into fragments prior to re-entry, i t might 

be expected that asrodynamic hecrting would result in burnup of the resulting fragments 

thereby reducing the hazard to the general population. This rep& presents both a 

theoretical approach and experimental approach designed to establish the amount of 



part~cle burnup which can be expected duting re-entry This information w i l l  be obtained 

for ~arious site particles and wi l l  be comb~ned with data being obtained on aliowable 

pa.t;cle sizes reaching the ea-th and reactor destruct capabiiitiei to establijh a ciiteria 

for orbital of nea. orbital core disposa! 

4 0 WANL-TNR-040, SURLEY OF FISSION PRODUCT RELEASE FROM NERVA FUEL --- --pep------- ------ - 

O.re of the major sources of concern in regard to the eventuai we of 

nuciea- eockets 8 %  celated to the fission product acttvity of the reactor core afte- operation 

of the seactov. The p-imary purpose of this report i s  to consider the p-ob!em of f i i j ~ o n  

prociuct eelease from an intact core daring a decay heat cycle 1.1 paeticula.. i t  describes 

the results of a literature rebiew of fission product releabe from fueled 9-aphite and con- 

siders the problem of an experimental program which would prov~de fi =\IO~ product release 

data required i n  several phases of the NERVA ptogiam 
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WAN L-TNR-038 

TRANSIENT REACTOR EXPERIMENTS ON NERVA FUEL MATERIAL 

1.0 INTRODUCTION 

Consideration of the safety aspects of conducting orbital missions with a nuclear 

rocket indicates that one effective way to minimize hazards related to the possibility of  

an intact reactor falling on land i s  to physically destroy the reactor while s t i l l  i n  flight. 

Various methods of reactor destruct have been considered. These involve the use of 

high explosives, thermoc hemica l techniques, aerodynamic heating, oxidation, ablation, 

chemical additives, and reactor transients. Each of the reactor destruct methods has 

been examined theoretically and several experimental programs are underway to determine 

their feasibility. This report i s  concerned with an experimental program to determine 

the feasibility of using a reoctor transient to destroy the core of a nuclear rocket. In addi- 

tion to this primary objective, the transient experiments wi l l  also provide: 

a. Information on the nature of the shutdown mechanism which wil l  form 

the basis for estimating the maximum credible incident in  the NERVA 

core. 

b. A determination of fission product release during control led reactor 

transients. 

c. A study of reactions between the NERVA fuel and water during a reactor 

transient occr~rring as a result of art intact reactor falling into water. 

The experimental approach involved irradiation of encap.4ated sections of NERVA 'r 

fuel i n  the TREAT (Transient Reactor Test Facility) reactor. A brief description of the 

TREAT Reactor Facility i s  given i n  a later section of this report. The samples of NERVA 
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fuel material can LC contained in  instrumented capsules in  various environments including 

helium, vacuum and water. The experiments in  vacuum wi l l  mock up the conditions to 

be encountered in outer space; those in  helium wil l  mock up the environmentai conditions 

associated with transients occurring on the launch pad. * Finally, as mentioned pre- 

viously, the water wi I I mock up a transient occurring as a result of an intact reactor fall- 

ing into water. 

Studies of the behavior of the fuel material are planned as a function cf the inte- 

grated power of the transient. That level of integrated power which initiates fragmenta- 

tion of the fuel wi l l  be of particular interest. In the case of the transient experiments 

in water, consideration must also be given to fuel-water reactions which may give rise 

to p r t i a  l destruction of the fuel material prior to complete fragmentation. 

2.0 EXPERIMENTAL TECHNiQUE 

The transient experiments were carried out in  the TREAT reactor which i s  a 

homogeneous graphite-moderated reactor located at the National Reactor Testing Station 

in  Idaho. This facility i s  designed to produce large transient thermal fluxes of short 

duration. At an integrated power of 1000 megawatt-seconds (MWS), the maximum inte- 

15 
grated neutr~n flux of approximately 2 x 10 can be produced i n  the order of 40 mill i- 

seconds. The carbon-to-uranium ratio of the TREAT fuel i s  approximately 10,000 to 1 . 
In a 1000 MWS transient, the change i n  fuel temperature i s  of the order of 2 0 0 ~ ~ .  The 

carbon-to-uranium ratio for the NERVA fuel (KIWI 8-4 containing 400 milligrams of 

*It i s  assumed here that the reactor system wil l  be flushed with an inert atmosphere 
while on the launch pad. 



fully enriched uranium per cubic centimeter) i s  approximately 106 to I ,  and the maximum 

temperature attainable i s  above the wblima tion temperature of graphite 1 - ~ 3 3 5 0 ~ ~ ) .  

The irradiation capsules and dummy fuel element assemblies used in  this program 

were provided by the Chemical Engineering Division ef the Argonne National Laboratory 

1 
(ANL) and are described elsewhere. Figure 1 shows a drawing of the capsule and the 

graphite assembly containing a section of the KlWl 8-4 element. The fuel sample was 

a half-inch diameter by three-quarter inch long, 7-hole section of the KlWl 8-4 element, 

This fuel section was used in  place of the full 19-hole hexagonal element (3/4-inch 

across 'he flats) because of space limitations. Figure 2 i s  a photograph of the autoclave 

capsule and several of the components. Table 1 presents a summary of the instrumentation 

used, the reactor conditions, and results obtained for the first series of TREAT experiments. 

The first experiment CEN-73 was designed to permit calibration of the temperature 

of the fuel specimen aqd stainless steel capsule as a function of the integrated power of 

;.he transient. The fuel temperature was measured by a sixteenth-inch diameter thermo- 

couple made up with 10-mil tungsten-7% rhenium versus tungsten-26% rhenium with 

beryllia insulation and a 4-mil tantalum sheath. The thermocouple was positioned in a 

peripheral hole of the 7-hole fuel specimen with a graphite plug which centered the 

thermocouple axially and partially covered the ends of the sheath. The capsule wall 

temprature was measured by a bare chromel-alumel (20 mii) thermocouple contained in an 

alundum tube. The chromel-alumel thermocouple was positioned in a groove in  the wter 

graphite crucible which can be seen i n  Figure 2. Figure 3 shows a schematic diagram of 

the thermocouple circuit. 

The ca I ibration experiment involved successive temperature-l imi ted transients 

of approximately 50, 100, 200, 250, 375 and 550 megawatt-seconds. It was 
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.- 
anticipated that ~ h e  dr ta obtained in these experiments would permit an estimate of the 

0 
fuel tempcraturc. attc 'ned during the higher ievel transients above 2500 C when tempera- 

ture measurement te:;-mniques are limited. The tungsten-rhenium thermocouple i s  no' 

0 
reliable much 3bo\.'ft 3500 C. In addition, the gradual approach to the high tempra- 

tures planned f x  t h ~  ~bsequent transient experiments permitted verification of safety 

analysis of the experiment which predicted that no damaging pressure or temperature 

buildups would clc::cur in the irradiation capsule. 

In the thnee experiments which followed CEN-73 relatively high level inte- 

y i ~ t e d  power levees were used. The purpose of this series of experiments was to determine 

i f  physical disInte~ro:.Ian of the gaphite fuel occurred as a consequence of the reactor 

transient. Okervc tians made following the transient experiments ineluded radiochemical 

studies to determine fissicn produr release and particle size ana!ysis of the irradiated 

fuel. 

3.0 RESULTS OF Tt lE FIRST SERIES OF TRANSIENT EXPERIMENTS ---- - 
Table I, mentio!iec! previously, p;esents a summary of the measured integrated 

power levels, temperatures, and pressures recarded during the individual transient 

experiments. Results obtained in the calibratim experiments are shown in Figure 4 where 

the calculated a d i a k t k  temperatu~es and the actual measured temperatures of the fuel are 

plotted as a fur .. ,,on of integrated perm level. The adiabatic fuel temperature was 

calculated using integrated neutron flux data obtained in pcevious ANL transient ex- 

periments. * The &ta in Cigure 4 indicates that the fuel r7ecimen i s  heated ir  an 

*The acfc.~;  v.rll.2~ of integrated neutron flux for the present experiment w r t  approxi- 
mutely -0 p u  cent higher t l~an used in the original calculation of adiabatic fuel 
temprrchf-e. Further discussion of this point wil i  be pretented later i n  this section. 
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TABLE II MAXIMUM HEATING A N D  C O O L I N G  

RATES FOR CALIBRATION EXPERIMENT 

Time To Attain 
integrated Maximum Maximum Maximum Maximum 

Power Period Fuel Temperature Heating Rate Cooling Rate 
Transient MWS Mil liseconds Temperature Seconds* 0 

Cjsec 
0 

C/sec 

- -- 

*Measured from initiation of transient. 



bulbs. Absolute gamma counting of the gas samples with a sodium iodide crystal detector 

showed thepresence of xenon 133 as the main isotope; with about 1 per cent of the tote1 

_ .-. activity coming from iodine 131. By integrating under the 80 kilovolt gamma peak of 

xenon 133 the results shown in Table Ill were obtained. The amount of xenon 133 was 

corrected back to the time of the irradiation on the basis of a 5.27 day half-life. 

The autoclaves were then dismantled and photographs were made of the fuel and 

of the graphite crucibles. These are shown in Figures 8 through 16. It i s  evident that 

the transients were energetic enough to cause destruction of the original cylindrical 

fuel element. .%ddiiional observations on the fragmented fuel are described i n  Table IV. 

Sieve-screen analysis was made of the fragments and particles formed in  the 

transient experiments. The mean diameter of the particles produced by the destructive 

transients were computed from the relationship: 

where d = mean surface to volume diameter 
sv 

d. = average diameter of the i th size group 
I 

W. = fra.:tion by weight of particles i n  the i th  group 
I 

1\1 = summation over N size groups 
E 
i = l  

Numerical values for W. and di are shown as the ordinate and abscissa respectively 
I 

of the histograms for the particle size distribution shown in Figure 17, Results of these 

measurements and calculations are show0 in Table V. 



TABLE I l l  RESULTS O F  RADIOCHEMICAL ANALYSES OF 

GAS PHASE I N  IRRADIATION CAPSULE 

Transient 
Run No. 

Integrated 
Power 
MWS 

Microcuries of 
Xe-133 in Gas Phase 

of Autoclave* 

Calibration Run 

3% 

645 

885 

- -- -- 

*Uncertainty of + - 40 per cent. 





















Transient 
Run No. 

TABLE I V  CBSERVATIONS ON IRRADIATED FUEL MATERIAL 

Integrated 
Pcwer 
MWS Observations of Fuel Material 

Calibration Run The graphite fuel material was completely frag- 
mented. Most segments were under an eighth 
inch maximum dimension with some fragments 
coarser than thIs size. The tungsten-tungsten/ 
rhenium thermocouple reacted with the beryl l ia 
skeuth as expected from the anomalous thermo- 
couple readings taken during the last calibra- 
tion run. 

The graphite fuel was fragmented as i n  the pre- 
vious experiment. Preliminary examination 
indicated that the approximate size range was 
simiiar to rhoi in  CEN-73. In addition, some 
graphite powder was found a t  the bottom of the 
autoclave. The source of this graphite powder 
i s  not known at the present time. 

The graphite fuel was completely fragmented 
and appeared to be finer i n  size than either 
CEN-73 or 74. There were some indications 
that the fuel might be somewhat spongy. I t  
was n ~ t e d  that the fuel coated on the graphite 
plug which held the fuel sample in  place. 
Graphite powder was also found on the bottom 
of this autoclave. 

As in  previous experiments, the fuel was com- 
pletely fragment ' with t k  particle size finer 
than CEN-75. The fuel coated the plug to a 
greater extent than i n  CEN-75. Low power 
microscopic examination revecied some evidence 
for fused material. I t  i s  possible that this may 
be agglomerated UC2. 
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Particle Size Distributiori of Fragmented PIERVA ' 
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TABLE V RESULTS OF PARTICLE SIZE MEASUREMENTS 

ON FRAGMENTED FUEL 

Integrated 
Power 
MWS 

Ave~age 
?article 

Size 
Transient 
Run No. 

Several Transients 



I . '  . , 

By comparicg the data on mean diameters with the integrated power of the reactor 

pulse, it I s  evident that there i s  a trend towards smaller particles as the burst becomes more 

energetic. I t  i s  postulated that the relatively large value of  thc average particle size 

(62.4 mils) for CEN-73 i s  caused by fragmentation of the fuel at  one of the lower energy 

bursts and that the additional more energetic transients cause only negligible changes i n  

geometry. Figure 18 shows a plot of the average particle size versus integrated power of 

the transients. The particle size data i s  consistent with the interpretation that the fragmen- 

tation occurred i n  the v ic in i ty of 200 MWS, a t  which energy the experimental curve shown 

i n  Figure 4 departed from the calculated curve for adiabatic heatin?. Since the original 

fuel cylinder had c diar~eter of 0.5 inch, i t  i s  apparent that the scecific surface area of  the 

fuel has increased by  a factor of about 25 as a result of the fragmentation clur181g transients 

CEN-75 and 76. 

Results of  radiochemical analysis of  the fragmented fuel and flux monitor foils are 

presented i n  I'ab!e VI. The differences i n  ,lie results obtained from the fuel and f lux 

wsnitor foils can be accounted for i n  the fol!owing manner; the results obtained on the 

foils must be corrected for the flux depression through the stainless steel capsule and 

though the fuel sample. The flux depression through tha capsule i s  approximately 20 per 

cent whereus ir, the fuel i t  i s  betweer, 15 a,ld 20 per cent. A total correction of about 

35 per cent brir-tgs the results i n  close agreement. The experimental data were then used 

to caIcu! l te the total heat input and the integrated neutron flux. The present results 

indicate that the integrated flux i s  approximately 50 per cent higher than obtained i n  

similar ANL experiments on metal fuel samples. The difference i n  integrated f lux i s  re- 

lated to the presence of  graphite I n  and around the capsule ir, the present experirns~ts 

and to the use of zircalloy-2 rather than stainless steel dummy fuel elements. Figurzs 

19 and 20 show the flux and calculated adiabatic fuel temperrrture for the A.NL data and 

for the present data. 
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1 ' -DEPARTURE FROM ADIABATIC HEATING I 

REACTOR ENERGY LEVEL ( M W S !  

Figure 18 547013 

Average par tic!^ size of Fragmented Fuel as a 
Functiu!) 3f Reactor Energy Level 



TABLE VI RESULTS 3 F  RADIOCHEMICAL ANALYSIS OF FRAG- - -- 
MENTED FUEL AND URANIUM FLUX :dONITORS - 

Fissions per Milligram 
or "235 0-/ 2 

Ratio of 
! ntegrated Flux Monitor Fraction of 

Sornpls Daze Bota to Activity Lost 
Number MWS Fuel* Flux Monitcr** - - F ~ e l  Ebta from Samp!e 

* Rodiochemicol ~ n a ! ~ s i s  of Ms 9? - In ?ragmenfed fuel moterial. Rew!tr reported 
by LASL with probable error of + 5%. - 

+ k  Radiochemical molysir of z?' i n  uranium f i ~ x  monitor iuelr located on outside 
surface of stainless s:eel irradiation copsule. Rewits obtained by ANL wit1 

error of + 5%. - 
*** Value probab!y too low because porfion cf wmple which collected on centering 

plug was not included in analysis. 
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Figure 21 shows the fractioe of total act iv i ty produced i~ particles of o given size 

raoge. A cornparison of this data wit5 the p r t i c l s  size histoyfams presented previously 

i n  Figure 17 shows that there i s  a groater loss of act iv i ty i n  the larger size particles 

than In the smatter size p t i c l e s .  This I s  hewn i n  Figure 22 w k r z  the act iv i ty re- 

min ing,  " A R M  vaiue, for particies of a given size i s  plotted os a function of the 

average p x t i c i e  size of  o particle size group. The "AR" value for a particular size 

group i s  given by: 

Activ:ry i n  Particles/'Total Act iv i ty Produced 
"A$" = 

Weigni. of ?articles/Totoi v~eGh t  ~f Pcrticles 

This resul! i s  somewhat unexpected since, a: first thought, i t  would Le anticipated thct 

the fission product release would be greater for >he small size particles than the large 

size particles. However, the observation may be expiained wher! one considers rhat the 

large!. cool a t  a slower rate than the smaller particies. The slower coo! ing rate 

of the !arge particles may account for the greater fission product release, 

4.0 DiSCUSSION OF RESULTS 

The most significant results of the first series of transient experiments on uncoated 

(off-the-shelf) KIW! 8-4 fuel niaterial was the tragmentation of  the fcrel samples i n  a l l  

cases. Of particular interest i s  +he determination of the integrated power which caused 

the initiation of  f rac t~ re .  Examination of  the avaiiuble data indicates that fragmenta- 

tion occurs a t  cn integrated power level of about 200 MWS or a maximum fuel tempera- 

0 
ture OF about 1500 C, The indirect evidence which sc;ppo:.ts this view i s  as follows: 

a. Exaxination of Figure 20, the maximum fuel temperature versus 

integrated power, shows that the deviation 3f the actual 
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experimental data from the calculated curves for adiabatic heating 

occurs in  the vicinity of 200 MWS. This result i s  consistent with 

fragmenta tion occurring at this integrated power level since departure 

from adiabatic heating w u l d  be enhanced by an increase in  the sur- 

face area of the fuel as a result of fragmentation. 

b. Examination of the time-temperature histories (Figure 7) obtained i n  

the calibration series reveals some irregufarity i n  temperature in the 

transient at 195 MWS. :'he tentative assum~tion i s  that the irregu- 

larity may be related to the fragmentation of the fuel during this 

portion of the trafisieni. The data on heating and cooling rates given 

in Table II, however, do not reveal any clear-cut evidence for 

fragmentation of the fuel in  the vicinity of 200 MWS. 

c. Consideration of Figure 18, plot of the average particle size of the 

fragmented fuel versus integrated power, shows that the data obtained 

in the calibration experiment are consistent with similar data obtained 

ih the other transient experiments when the fragmentation i s  considered 

to occur at approximately 200 MWS. 

Prior to an examination of the possible mechanisms for fragmentation of fueled 

graphite by a nuclear transient, i t  i s  important to consider the characteristics of the fuel 

materia I itself. The experiments described were performed on uncoated off-the-shelf 

sections of KIWI 8-4 fuel elements. The fabricated fuel consists of a dispersion of UC 2 

particles (rJ5 microns i n  diameter ) in yaphite. The uranium loading was 400 milligrams 

per cubic centimeter. During subsequent exposure of this fuel to air, there i s  partial 



hydrolysis which gives rise to a considerable amount of UO (estimated at 20 per cent of 2 

total UC ) and associated hydrolysis products, Other forms of Kl Wl 8-4 fuel which are 2 

of interest include: 

a. Completely carbided fuel: This i s  identical to off-theshelf fuel 

described above except that precautions have been taken to prevent 

the hydrolysis reaction. 

b. Coated fuel: This may be either off-the-shelf or completely car- 

bided fuel which i s  completely coated with pyrolytic graphite or 

coated with pyrolytic graphite on a l l  surfaces except along the holes 

where a niobium carbide cladding i s  used. 

Future experiments already i n  progress wi I! evaluate the stability of these latter two kinds 

of fuel under transient reactor irradiation. 

Theoretical considera tion of the possible mechanisms of fragmentation of fueled 

graphite indicate that the following phenomena must be considered: 

a. Thermal shock: A sudden rise i n  temperature of the fuel w i l i  give rise 

to anisotropic expansion and temperature gradients i n  the graphite 

crystals which make up the bulk of the fuel. The resulting local 

stresses may give rise to internal cracking which can lead to fuel 

fragmentation. 

b. In  off-the-shelf fuel material, an internal pressure buildup can occur 

due to a reaction between UO and carbon to form either carbon 2 

monoxide or carbon dioxide gas. The free energy for this reaction 

0 
becomes negative at about 1500 C If the reaction proceeds rapidly 



as compared to the abil i ty of the generated gas to diffuse away from 

the reaction interface then local pressures as high as 10,000 atmos- 

pheres could be generated. This internal pressure could cause 

destruction of the fuel. 

c. Another mechanism for internal pressure buildup in  off-the-shelf fuel 

i s  due to the decomposition of the hydrolysis products. This reaction 

cannot be specified in  detail since the nature of the products formed 

in the hydrolysis reaction given by: 

UC2 + H 2 0  j U 0 7  + C H 0 combinations - x Y z  

are unknown. However,, dccornposit'on of the various possible organic 

materials (C ti Oz) can give rise to locally high pressures. 
Y 

d. In completely carbided fuel material fragmentation may occur in the 

following manner. Vaporization of carbon and expansion of entrapped 

gas in  the porous fuel material may give rise to internal pressures of 

the order of 10-20 atmospheres which could result i n  fragmentation of 

the graphite at temperatures in the vicinity of the sublimation tempera- 

2 
ture. Work reported by Malmstrom, Keen, and Green, Indicate that 

the tensile strength of grcphite decreases to about 100 psi a t  tempera- 

0 
tures in the vicinity of 3200 C. I t  i s  thus apparent that the pressures 

of the order of 10-20 atmospheres may initiate fragmentation of fueled 

yaphite at temperatures of the order of the sublimation temperature, 

i. e., 3350'~. The value of 3350 '~  for the sublimation temperature 



3 
of graphite was obtained in  recent work at National Carbon Company. 

e. Destruction of completely carbided fuel might also occur by melting 

0 
which can occur at the triple point at approximately 3570 C and 100 

3 
atmospheres. Destruction of the fue! could occur as a result of the 

rapid release of the entrapped gases within the fuel resulting i n  dis- 

persion of the liquid r hase. 

The explanatitin for the behavior of the off-the-shetf fuel material used i n  the present 

series of experiments may be related to one or more of the first three mechanisms described 

above. Further experimental evidence obtained by Los Alamos Scientific Laboratory 

(LASL) on electrical heating of fueled and unfueled graphite indicated that the thermal 

shock mechanism i s  pobably not responsible for the observed fragmentation. The LASL 

experiments were performed by electrically heating a 15-inch length of -/-hole KIWI 

8-4 off-the-shelf fuel material by means of a 3.5 megawatt power supply while the 

fuel was exposed to air. The results obtained are described i n  Table VI I. The results 

indicate that hydrolyzed fuel material fragments under transient electrical heating 

whereas completely carbided moteria l or non-fueled graphite wi I l not fragment. Thus, 

i t  i s  apparent that either the presence of UO or the hydrolysis products are responsible 2 

for fragmeqtation of the fuel i n  the electrical heating experiments. Their results indi- 

cate that thermal shock alone i s  not the cause of fragmentation in  the nuclear transient 

experiments and that the hydroiysis products may be intimately connected with the 

fragmentation. Additional transient nuclear experiments on off-the-shelf fuel at 

integrated power levels near 100-200 MWS are expecred to shed further light on this 

question. 



TABLE VII  RESULTS OF IASL ELECTRICAL HEATING EXPERIMENTS 

Energy Given 
Sample to  Sample 

1. Lined and loaded off- 750 kilo-calories 
the-shelf fuel elemertts i n  1.5-2 seconds 

2. Freshly carbided elements 200 k i  lo-calories 

3. Loaded ond lined fuel 130 kilo-calories 
elements that had been 
reacted to oxide by being 
stored in  a humidity cabi- 
net 

4. Unloaded fuel elements 

Sample 
Appearance 

A l l  elements burst into 
small pieces. A t  the 
higher voltages some 
arcing was observed. 

Elements d id  not burst 
but burned i n  two. 

A l l  elements burst. 

Did not burst. 



I t  should be noted that the fragmentation of fuel material at integrated power 

levels of the order of 200 MWS places an upper limit on the startup transients which can 

be used for the NERVA engine. For example, a 200 MWS transient i n  the TREAT reactor 

corresponds to a 4600 MWS transient i n  the NERVA engine. This indica.;~ that the 

startup transients less than about 4500 MWS are necessary to prevent possible accidents 

with fuel material which may have become hydi olyzed during storage prior to reactor 

startup. 

TREAT EXPERIMENTS 

The second and third series of transient experiments are i n  progress at this 

time. The second series involves the irradiation of uncoated off-the-shelf ssc tions of 

KlWl 8-4 fuel material in  transients of thz order of 100-200 MWS to determine the 

reactor energy required to initiate fragmentation. * The third series of experiments, in- 

voiving five capsules, consists of the foilowing: 

a. A temperature calibration wi l l  be made on an uncoated f ~ ~ i l y  car- 

bided KlWl 8-4 fuel specimen in a helium atmosphere. The in- 

strumentation i n  the capsule i s  designed to detect frcgmentation 

of the fuel during the transient. 

5.0 FUTURE WORK 

"Preliminary results indicate that the two samples muking up the second series of experi- 
ments were pulsed at energies of 115 and 250 MWS. Cursory inspection of the fuel 
material indicates that the specimen irradiated at 1 15 MWS was perfectly intact, whereas 
the sample irradiated at 250 MWS showed some cracking at the upper edges of the 
sample. Thus, i t  appears that fragmentation i s  initiated at about 250 MWS. 



b. An uncoated, fbl ly carbided specimen wi l  I be subjected to a high 

energy pulse that should give rise to disintegration of the sample as 

indicated from the results of the previous test. As 1n the fir5t test 

in this third s~ries, the sample w i l l  be a helium atmosphere. 

c. This experiment i s  similar to the previcus one except that the sample 

w i l l  be in  vacuum. 

d. This experiment i s  designed to permit determination of  the extent of 

chemical reaction between water and off-the-shelf KIWI B-4 

f u ~ l  material coated with pyrolytic graphite. As in the case of the 

first experiment in  tt,is third series, file instrumentation in  the con- 

tainer i s  designed to detect fragmentcntion of the sample. 

e. Similar to experiment 4, except that a l~ igher energy transient w i l l  

be delivered to the sample. 

Regardins the expec~ed behavior of the fu l ly  carbided material, the theoretical 

ana i y s i s  of possible rnechcnisrns of fragmentation described in  the previous section should 

be noted. The analysis indicated that fragmentation might be expected in  the v ic in i ty 

of the sub 1 irnaiio.. 'emperature ( 3 3 5 0 ~ ~ )  or as a resu I t of melting ( 3 5 7 0 ~ ~ ~  100 atmos- 

- . .  es). From Figure 20 i t  can be seen thot the integrated power r eq~~ i red  to achieve 

these tempe' ~tures i s  greater than 400 MWS in  the TREAT reactor. This ccrresponds to 

approximately 10,000 MWS in  the NERVA engine. Thus, the theoretical analysis 

indicates that fragmentation of completeiy carbided fuel material may not be 

a possible means of core destruction. * However, chemical treatment of the carbided 

*Preliminary evidence from the third series of  TREAT tests Indicate; that the carbided 
fuel material was intact after a 540 PAWS transient. 
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fuel, prior to or during a nuclear trmsient may offer a means for destroying th.: core. 

Various method$ nf ct,emically treating the carbided fuel are being considered. 

Fina!ly, a recent re-evaluation of the primary objectives ~f the transient reactor 

experirnei-rt: has led to the decision to design experlmevts to provide basic inforrnutim 

on: 

a. The disintegration mechanism of off-the-shelf typ; and ful ly car- 

bided fuel samples when subjected to high energy neutron inducec 

transients when the samples are placed i n  vacuum, inert gas or 

water . 

b. The existence or non-existence of an txplosive water reaction with 

KIWI 0-4 fuel. 

c. The eliect of ini t ia l  sample temperature on the breok up threshold 

a d  particle size distribution of various forms of KlWl 8-4 fuel. 

d. The safe K i W l startup conditions for ful ly carbided versus partially 

carbided fuel materia!. 

e. Determination of the equation of state for KIWI 8-4 fueled graphite 

under reactor transient conditions. 

Long-range planning of experiments to accomplish these goals i s  presently underway. I t  

i s  appa;ent that transien; reactor experiments wi l l  be extremely ilseful i n  providing a 

better understanding of ihe behavior of the NERVA fuel material under a wr ie ty  of 

environrnentol conditions. 



6.0 CONCLUSIONS: 
-- 

a.  The principal conclusion reached, based on the work completed, i s  

that uncoated sections sf off-the-shelf KIWI 8-4 fuel material wi i  I 

fragment when pulsed with o nuclear transient cf  the order of 200 

M'NS, ir. the TREAT reactor. An equivalent pulse can be delivered 

in  the rluclmr r ~ c k e t  by a i:cnsient of the order of 5000 MWS. 

Fragmentation initiL ed by the transient gives rise to the formation 

of particles less than opprcximately 1/8 inch in diamefer. 

b. Ttreoreticcl consicierction of the mechunisms of fragmentatior! of 

KiWl 3-4 fuel mcteriai i~dicates that the mosi probable mechanism 

of fragmentatior? of the off-the-shelf fuel (partially hydrolyzed) i s  

due to internal pressure buildup from either reaction between U 0  2 

and carbon or the deromposition of the products of the hydroiysis 

react 3n. Both the rz:~.!ts of electric heciing experiments performed 

a t  LASL and the present results obtained in  the transient xperiments 

are consistent with the proposed mechanism. 

C .  Fission product release accompanying the fragmentation of the fuel 

gives rise to loss in activity of from 53 to 60 per cent. The fission 

prcdbct release i s  greater for the larger partic!es than the srmller 

particles, presumably because of the slower cooling rate of the large 

particles. 

- 
d. I ransient reactor experiments offer a means of obtaining basic infor- 

mation on behavior of NERVA fuel material relative to: a) the use 



of a nuclear transient as a destruct device; b) reactions between 

KIWI 0-4 fuel and water; c) safe startup conditions for the reactor; 

d) and the equation of state of fueled graphite. These items form the 

basis for further work in  this program. 

The experimental work described in this report i s  the result of the efforts of a con- 

siderable nurvber of people located at various sites throughout the country. The n?ost active 

participcnts in this work inciuded L. D. P. King, P. Wagner, W. Stratton, and E. Sryant 

of the Los Alamos Scientific Laboratory; L. Baker, R. C. Liirmtainen, R. 0. lvins 

and F. Testa of the Chemical Engineering Division, Argonne National Laboratory; 

J. Boland and S. Law-oski of TREAT Reactor (Argonne Nationa! Lcboratory); and W. H. 

Esselman, A. 9. Rothrnan, M. A. Vogel, E. V. Anderson, and C. Boehmer of the 

Westinghouse Astronuciear Laboratory. The authors are grateful to S. Lcwroski and R. C. 

Vogel of the Chemicai Engineering Division, Argonne National Laboratory for permissicn 

to use their facilities for this program. The photographs given in the report are presented 

with the permission of Argonne National Laboratory. 
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RE-ENTRY HEATING AND BURN-UP OF REACTOR FRAGMENTS ----- - -- - 

1.0 INTRODUCTION -- --- 

A mojo! obiect've of the NERVA fl ight safety program i s  to establish that re-entry 

of +he locket er.glne does riot rntloduce a hazard to +he gener-al population. One method of 

cc-+lol l ing this ptoblem i s  to bl-eal: the core into small fragments and to rely on the ael-o- 

dynamic heating at le-ent1.y to reduce the particles to an acceptable size and level of 

aadioactiv;ty. One CI  itel ion fol pa~-t ic le size which has been presented in the literature 

' I  i2' i s  fhat the pal tic!es sires shouid be 25 microns 01- less when they reach an altitude 

of ~ C U ,  OOC feet. Pal-ticles of this size would be widely dispersed in the atmosphere. This 

c! itel ;a 1s based on conselvative assumptions, and i t  i s  dcsii.able to determine the largest 

size palticles whlch can be tolerated. Larger- a l l ~ w a b l e  pal-ticle sizes wi l l  reduce the 

irequirementj on the explosive destruct system. 

Calculations have been made which show that f l ight safety requit-ements :annot 

be met ~f the integral cot-e enters the atmosphere and i s  allowed to undergo a passive" 

re-entl-y, subject only to aerodynamic hea t i ~g .  P~ellminary considerations show that in i t ia l  

patticle sizes of 1/32 to 1/64 inch at re-entry w i l l  result in particles which meet the 25 micron 

ci.;terion at 100, 060 feet, A modified CI itel-ior, may aliow diameters of pa~t ic les  which car  be met 

by a conventional destruct system. Such a system could conceivably ut i l ize tl,e thelmochem- 

lcal methods, nuclear excursions, explosives or i ~ t e g r a l  additives to reduce the reactor to small 

particles. 

i s  the purpose sf this study to establ ;sh the amount of particle bum-up which can 

be expected during re-entry, This information w i l l  be obtained for various size particles and 



wi l l  be combined with data being obtained on allowable particle sizes reaching the earth 

and reactor destruct capabilities to establish a criteria for orbital or near-orbital core dis- 

pcsal. 

Both a theoretical and experimental approach have been init iated to study this 

problem. 

The theoretical approach reported in  Section 2 invo!ves the incorporation of one 

of the existing oxidation t h e ~ r i e s ' ~ )  into a digital computer program. This program cal-  

culates the fate of a re-entry particle based upon various in i t ia l  velocities and angles 

of re-entry. The analyses include the effects of aerodynamic heating, radiation frorr~ the 

particle and decay heat from fission products. Previous investigations had not taken a i l  of 

these features into account. The in i t ia l  conditions which are used in analyses are those 

believed to be real istic with respect to  re-entry of the NERVA engine particles. 

The experimental approach described in Section 3 i s  based upon using an arc plasma 

wind tunnel in which specimens of graphite and fuel graphite are exposed to simulated re- 

entry conditions. The re-entry conditions for the particle at  a particular altitude and 

velocity are simulated by proper adjustment of gas enthalpy and mass flow rate in  the experi- 

mental equipment. Mass losses due to oxidation are measured for various part icle sizes at  

various exposure times. 

The resul ts from the theoretical analysis and the experimental data are then compared 

to determine the deglee of val id i ty of  the theory. If verified, the theory can be applied under 

a variety of re-entry conditions to preduct the particle burn-up at  various altitudes. 

The first phase of the work has dealt primarily with unfueled material (pure graphite). 

Th is  was chosen because the available theory only applied to  this material. Once theory and 



expel iment can be leconc;led for pule graphite, modification of the theoiy to account fol- 

the behavior of fueled g~ aphite would be undel taker 

The subsequent phases of wor!:  ill be pl imal-ily concerned wi th  extension of 

p l e s e ~ t  tecl7n;ques to  the study of fueled materials, w i th  some wot-k being done to complete 

the data on pule glaphite. The f inal goal as noted previously i s  specification o f  the maxi- 

mum pa l t i c le  size for the core desttuct system. 

A-al ysis has shown that the, e w i l  l be ~ m u f f  icient heat generated by convective 

aelodyramic heatipg dur-lng re-entry of a NERVA reactor to  accompiish complete burn-up 

befobe glound o- watek bmpact. Consequently, an act ive 01- passive type of destruct system 

is contemplated wheleby the integral reactoS w i l l  be  educed to  a large number of small 

pal ticles at the time of  re-entry. These pa~-t lcles w i l l  be suff iciently small to achieve 

ducing the size, since the aerodynamic stcjgnation point heating rate i s  inversely propor- 

The reason that an ar.alyt;cal technique for ptedict ion of burn-up i s  required i s  

because comple!e combust.ion cannot be achieved in any known experimental ey i~ ;p rne~ t  for 

the matel ials and p a ~ t i c l e  sizes considered i n  this study" Therefore, a ,/erlfiecl model 

must be cowtqucted to  predict when this event w i l l  occur under any re-entr;, condition. 

There ale no analyt ical or experimental data avai lable on the oxidation character- 

:sties of fueled graphite at  the present time. Thele ate several pubiished theories on the ox-  

idation of pure gl-aphite In high velocity gas streams (3'(4)(5'(5)L In order to  develop a 

c.easonoble analyt ical model f o ~  the behaviol of fuel material, i t  i s  f irst necessary to develop 



a verified model based on unfueled material. As noted before, such a theory can be 

modified to take the fuel characteristics into accovnt. The oxidation rates of fueled 

and unfueled graphite can be compared experimentally in  an arc wind tunnel, thus fur- 

nishing a base for theory modification. 

There are several factors to  be considered in the fueled graphite analysis which 

make i t  different from pure graphite. One involves the effecti.de surface distribution of fuel 

i n  the matrix (UC in C). Since oxidation i s  primarily a surface phenomenon, the actual 2 

coverage of available area by UC i s  important. If there i s  sufficient space between fuel 
2 

particles and graphite particles to permit elemental graphite to  oxidize, its behavior w i l l  

be akin to that of pure graphite, provided sufficient oxygen i s  available for the reaction 

to proceed unimpeded. Another factor i s  that the oxidation rates of 

material are believed to be somewhat greater than for pure graphite 

porosity and the presence of UC in  the fueled material. iiowever, 
2 

yet been obtained to verify this. 

fueled graphite 

because of greater 

nc inforrr~ation has 

The in i t ia l  analytical study on unfueled graphite i s  b ~ s e d  on developing an IBM 

7090 digital computer program. This procram was formulated J,qcorporating the fol lowing 

parameters : 

a. An in i t ia l  circular orbit at an altitude of 300 nautical miles i s  

assumed. This i s  consistent with early f l ight  mission plans for 

the NERVA engine. 

0 0 b, Re-entry angles from 1 to 90 are assumed, thu: covering the 

complete range of possible re-entry f l ight paths. 

c. Re-entry velocity of 25, OW ft/sec i s  selected as being a 



reasonable value for re-enfly from the ussumed orbit, 

d. A sphere i s  selected as the particle shape because of the slLnpl ic i ty  

of the mathematical treatment. This i s  conservutive since the 

surface area-to-volume ratio i s  smallel- for a sphere than for 

any othet- shape, Actual patticles would probably burn mot-e 

~ - a ~ i d ; y  upon re-entry because of presence of greatet surface 

e. The aralyt;cal theory of S.M.Scala for- graphite oxidation 

du!ing re-entry i s  employed. The heat ba!ance employed 

corlsiders convective aerodynamic heatiog, sub1 irnztion, 

~adiot ion from the particle surface and fission ~roa'vct  heating. 

Aiso considered, by virtue of the analytical theory used, 

aw  the effects of exothermic heats of c~mbustion of carbon 

in  the boundaty layer and the heat blocking effect of com- 

bustion products in  the boundary layer. The effects of radia- 

tion from ionized air i n  the stagnction region at-e not incl,ded, 

but the error introduced i s  considered to be negligible a t  the 

a1 titudes and velocities of interest. 

f. Calculation of particle trajectory i s  based on 3 polar co-ordinate 

or modified rectilinear system. 

g. A continuvm flow regime in the at<msphere i s  assumed for cal-  

culation purposes, This means that the mean free path of air 

molzcules i s  very small comF -1 to the diameter of the body. 



h. Laminar h2at transfer conditions are specified. No turbulence i s  expected 

on the assumed spherical sl-,ape. 

i. The shape of the particle i s  assumed to  remai,~ the same during re-entry 

(a spherej but ihe particle mlss and dicmeter are changed as combustion 

proceed;. 

i .  The particle i s  assumed 

and the heat transfer i :  

2.1 - Compute, Proyram 

The fcllowing sections discuss i n  

to spin because of residual angular momentum 

calculated to be uniform over the entire surface. 

sonle detail the approaches used to formulate the 

computer pi.ogram, from which the analytical results were derived. 

2.1 . I  Environ~ental Condi t i~n,  During Re-Entrs -- 

A spinning sphere, re-enter. .g tile etlrth's atmosphere from altitudes above 400,000 

feat, .c;ili puss through !hree flow regimes during its descent. These regimes are defined as "free 

moiecule", "ilip", and "coniinuum", and deal with the effects of air density on kinetic energy 

transmiffed to t ! ~  body in the form of aerodynamic heating. It i s  convenient to  define the 

Knudser~ Number (N ) which relates a characteristic body dimension (diameter i n  the case I< n 

of a sphere) to the nlean free path of air molecules a t  any stated c.iiitud9. This relationship 

Mo 
i s  N = ( ivlo = mean free path of molecules; D = characteristic body 

kn 
Ob 

b 

dirnensionj. The thr-ee t l7w regime: ure defined i r i  terms of this number as follows: 

> 2 
'%n - Free hk!ecule Flow 

2, NLn > 0.1 Slip Flow 

N < (j.1 Continuum Flow 
kn - 



Fa-ee moiecu!e flow exists at high altitudes. The "rlipl' regime i s  a narrow transition region 

between flee-molecule and contiruum flow. Continuum flow exists at the iower altitudes 

whet-e rnaxinium heoting rates occur. It may be noted +hut the free molecule regimc w i l l  

persist to p~ogressiveiy lower ~ l i i t u d e s  with decreasing size of the re-entering particle. In 

the rcnge ot pci t ic ie sizes to be ;onsidered (1164 inch to 1 inch diameter), i t  can be shown 

by ccicuiation of  the Knudsen Number that the smaller particles .vill be in  the free mofe- 

cule flow legime for G significant pol-tion of their f l ight. The analysis of heating in this 

.e3;me, pa(+ icu!a!-ly osslgnment of accommodation coeff icienrs (fr-action of er?ergy trans- 

ferred from gas to body) snd c~l lculat ion of heat input from chemical reactions, i s  dif f icult 

a 4  subiect to el-!-or without more detaiied krtowledge af oxidation mecl7onisrns and kinetics. 

Since :!~e assumption of a continuum flow I-egime throughout the f l ight tiajectc- tends to 

~ r e s ~ ~ l i  In iov;e: burp- t i?  rates, sirch an o~a!ys is  wi l i  give c ccnser-votive result, or a lower 

a d e l  of minimum particle size whici- could be consumed during re-entry. Such o treat- 

ment of continuum f l o v ~  analysis duiing re-entry has Seen developed by S.M. Scala on a 

theoretical basis and appears to be accepted, Therefore, for the in i t ia l  study 

conducted in thi- = plogram, Scaia s acalysis of graphite oxidation on reen t r y  was used to 

colculote moss loss and predict burn-up ch~racter i j t ics.  A free mo!-.cule f low analysis has 

not been mode us yet, a1 thougti i t  i s  realized that this must bp done before a fu l ly  developed 

knowledge of re-entry behavior can be ~realized. 

2 1.2 Anaiyticul Model 

To formulate a program for digital computer analysis of re-entry, i t  i s  necessary 

to develop o schematic rrodel whicn includes al l  poi-cmeters of concern arrmged in a logical 

functional sequence. One method of a c c ~ r n ~ l i s h i n ~  this i s  to set up a bloc!< diagram in a f low 



analysis pattern which contains the inputs available and the outputs desired as a function of  

the va r i~b les  involved. By processing these inputs and outputs through the functional blocks, 

i t  i s  possible by an iteratiye procedure to determine the behavior of the re-enter;ng body through- 

cut the f l ight  path. If each of the descriptive equations involving behavior as a function of 

time, then a series of these equ~t ions can be solved to give instar;toneous values of desired 

variobles. By continuous solution with sufficiently short time irtervals, the effect of iteration 

can be achieved by substituting the results of the previous solution into the next so! ution to 

give a continuously changing description of particle behavior during re-entry. Since the 

particle mass i s  constantly changing during re-entry due to combustion, the body diameter 

i s  also changing and its aerodynamic characteristics ore changing. Therefore, this type 

of  analysis i s  vie11 suited to calculation of re-entry behoi/ior where c continuous ctiange of 

Inprrt variables i s  occurring. 

In establishing the analytical model, the fol lowing faciors which influence particle 

behavior are included: 

a. Trajectory of the part icle from init iat ion of re-entry to an altitude 

of approximately 100,000 feet as a function of partic!e size, mass 

and re-entry conditions. 

b. Effective aerodynamic heat input over the forward region (stagnation 

point) of the part icle and its iesolution to  effecfive heating over 

the entire particle surface. 

c.  Heat input dlre to radioactive fission prod-~ct  decay heat in the particle. 

d. Heat radiated from the particle and its effect on part icle surface temp- 

er ature. 



[ e .  Pott;cie moss loss due to oxidation at the sulface. 

f Pal!icle moss 135s due tc sublimction at the surface. 

3 .  Pol :lcfe lad'us change due to mass loss. 

A diag.om of t i l l ;  analyricai model i s  shown in Figul-e i l - 1 .  

In the fc i ( Io~v1-1~ sections the elemerts of the theor-eticol forrnu!atiorr are discussed. 

of * . r e  gl opi,i:e pot t ic ie ~izti of in+elest. From this infol-mation, the aerodynamic heat ing 

L 

~ ~ I L J ! % G - . ~  ~i rccti~r, fc- o pc:r:t maji may be expressed in either cectilinear ot polor co- 

(Radial) 

. . 
D ( Z R Q  - R 6 !  - cos 3 - L 

M 
sin Q (Tangential) R 

- ' 2  ( ' p , .  - ! ? G I  L R 
D 

R + -xi cos 6 - - 
M 

sin Q (Radial) 



SYMBOLS - UNITS 

x distance along fl ight 

path (horiz.) feet 

y altitude feet 

u velocity along x-direction 

v velocity along y d i r e c t i o i  

time 

mass of particle 

drog parameter 

l i f t  parameter 

re-entry angle 

radius of earth -t 

altitude 

gravitational effect 

tangential unit vector 

radial p~nit vector 

sec . 

Ibs. 

Ibs. ft/sec. 
2 

2 Ibs. ft/sec, 

deg. 

feet 



UNITS 

R velocity along R ft/sec 

I; angular momentum deg/sec 

. . 
8 a~gulat -  acceleration 

Other ielationsk i ps vecessary for application of the above equations are: 

2 2 2 c P V  2 
V = u t v  D = D - A A~ L = C~ A "2 A~ 

2 2 

V resultant velocity 

u - velocity alovg x-dil-eciion 

D = drag parameter 

L - - 1 i f f  parameter 

CD = drag coefficient 

CL ;; l i f t  coefficient 

A,, = I-efer-ence area for dl-ag 

A L 
refel-ence at-ea $01 l i f t  

PA = atmosphere density 

- 2 
AL - AD = T r  for sphere 

The Newtonian vectol- notation i s  used to express the polar system. The most accurate 

solutiovs to the metion eallqtions for :he cases of interest are provided by the polar form, since 

t!ie ea,+h i s  considered to be a sphere of f iv i te radius. Solutions have been derived from the 



rectil inear form by many investigators and introduce only a small error, even in the case 

of a shallow re-entry angle. Since y<< the distance to the earth's center :or aeizclynumic 

.;' 
heating in most cases, and since the drag regime occupies a l imited altitude range, such 

treatment i s  permissible. 

Certain assumptions have been made to foci l itate calculation of the basic traiec- 

tories. These are as follows: 

7 
a. The earth i s  a uniform non-rotating sphere of  2.1 x 10 feet radius. 

b. The variation of atmosphere density with altitude was incorporated 

using the ARDC standard atmosphere of 19%'~) .  Values were supplied 

as step input in  tabular form. 

c. The drag coefficient (C ) i s  equal to 1 and remains constant throughout 
D 

the flight. The drag coefficient varies with Mach and Reynolds numbers, 

but the approximation i s  val id at Mach numbers provided total drag i s  

considered to be pressure drag. A planned study to be conducted soon w i l l  

involve changing drag coefficients at  lower velocities to eval1;ate the 

effects on trajectory of diminishing drag. 

d. The l i f t  coefficient (C ) i s  equal to 0 and remains constant throughout the 
L 

fl ight. This assumption i s  val id for a spinning sphere of constant shape 

where aerdynamic forces are equally distributed over upper and lower 

portions of the particle so as to provide zero pressure differential. 

e. The acceleration of gravity varies with altitude. ARCD values for changing 

gravitational effects were supplied as step input in tabular form. 

f. The re-entry angle changes constantly along the path, increasing gradually 



0 
and approaching 90 in  the extreme case. 

3. The in i t ia l  re-entry velocity has been specified as 25, CGG ft/sec for 

al l  cases. 

h. Particle dynamics are ignored. This i s  val id for a spinning, uniformly 

dense sphere of constant shape. This renders unnecessary the three- 

dimensional analysis which might be important i f  the particle suffered 

deflection on re-entry. Consequently, the analysis i s  treated as a 

two dimensional problem. 

2.1.4 Convective Aerodynamic Heating 

The effect of environmental conditions on particle heating during re-ei~try has 

been brief ly discussed in a previous section. I t  i s  now of interest to determine what mathe- 

matical approxi~ct ions can be employed to best determine actual heat f lux incident on 

graphite pal-ticles of interest in this program. 

When a particle first re-enters the atmosphere, and i s  in the region of free mole- 

@) . cule flow, the stagnation point heat transfer as described by  Kemp and Riddell !s as 

fol I ows : 

stagnation heat f lux 

accorrtmodation coefficient 

density of air a t  altitude cf particle 

density of air a t  sea level 

velocity of particle 

in i t ia l  re-entry veiocity 

* . - .  . 



onuclear 

where n i s  the accommoda~ion coefficient based on energy transfer. The upper l imi t  of 

this coefficient i s  1 (al l  kinetic energy of the molecules transferred to the body). As 

the particle descends, the continuum flow regime i s  encountered where the approximate 

stagnation point heat f lux i s  given by Kemp and Riddell as follows: 

where r i s  the radius of the particle and h refers to en th~ lpy .  
B 

The equil i  rium surface temperature of re-entry particles w i l l  change with altitude 
h 
wall 

and the term 1 -- t7 may have a great effect on heat transfer rate as the temperature 

gas 

i i f ferent ia l  between surface and gas becomes less. However, Lees and Cohn assume that 

rea l is t icva luescanbeobta inedbycoldwal lapprox imat ions(h << h ) (9) (10) 
wall gas 

Calculations show the total hot wall heat input may average 20% lower than cold wall, 

but when conduct io~ i s  comidered i t  i s  believed this difference w i l l  be greatly decreased. 

Consequently, the above equation may be modified to: 

2. i .5 Average Convective Heating Rate as a Function of Body Shape 

The above calculations determine the incident heat f lux at  the stagnation point of 

a body. To calculate the average heat f lux over the entire surface of a spinning sphere re- 

quires a transformation involving the variation of the stream -.elocity gradient at  every point 

on the surface. 0ehr l i "  ') has developed these functions for local heat transfer for both a 

sphere and a cylinder, assuming laminar f low conditions. His values give a factor of 0.25 

fw- d 3 or a cylinder. Therefore, the local surface heat f lux for the 
-8 

afk€!wm w l i - l ; .  " .A 14 

4 t t d i U k -  



spherical particies of i~iteresf as related to the stagnation heat f lux i s :  

0.25 q 
stagnation 

2.1.6 Radiation Heatina 

where q heat flux 

A body re-entering the earth's atmosphere generates a bow shot!< wave of sufficient 

magnitude to  cause extemive dissociation of air molecules pcssing through the shock region. 

Tile radiant heat emanating from this region constitutes a heat input to the body which varies 

with the altitude and velocity of the body. However, ~ e e s ' l ~ )  and ~ ive l " ' )  agreed that 

radiation heat transfer at the Stdgnation point i s  important only for bodies traveling at more 

than 3G, 006 ftjsec. at altitudes of 35 miles. Such conditions do pot exist during orbital re- 

entry, so the effects of radiative heat transfer are ignored for- the present cases. 

2.1.7 Oxidation 

The analysis of Scala, which i s  based on a con~inuum flow regime, i s  used to 

determine the mass iosj rute due to oxidation during re-entry. In the interest of clarity, 

several other assumptions made in the development of  this theory should be cited: 

The oxidation reaction i s  diffusion control l :d in  the temperature 

range of interest. Products of combustion can be CO and C02, 

with CO being predominant a t  the very low temperatu~,es. 2 

Above 3 0 0 0 ~ ~ .  the primary oxidation product i s  CO. 

Nitrogen atoms do not enter into chemical reactions. 

Equilibrium exists in the gaseous boundary layer and at 

the surface. 

Radiation from the body i s  not included in the general 

expression, which accol~nts only for convective heat input. 



e. Radiation into the body from the gas cap i s  assumed negligible. 

f. Account i s  taken of  the exothermic and endothermic chemical 

reactions occurring in the boundary layer, which effectively 

suppl ies an additional heat input. 

g. The heat blocking effect of combustion products injected into 

the boundary layer i s  taken into account. This assumption 

effectively reduces total heat input by some degree. 

As a result of these considerafions, Scala developed a general formula for 

effective stagnatior? point heat f lux as follows: 

where - 
'ST 

- 

- 
q s  

- 

stagnation heai f lux 

-8 2 
1.828 - 4.156 n l o 4  T + 4.097 x 10 T 

W W 

Particle wall temperature i n  OR 

- (7.32 + 8.7763 x y) 

altitude of particle 

radius of particle 

velocity of particle 

Heat fluxes calculated by the above formula w i l l  be generally higher than those 

computed from the method of Kemp and Ridde" because of the vorious effects determined 

by Scala which tend to increase heat input (such as exothermic chemical reactions in  the 

boundary layer). 

Extending this reasoning to the prediction of  stagnation point ablation rate of 



a gl-aphite surface, Scala developed the following relationship for the mass loss rate M 

where : 

(1.508 + 1.4725 x lom4 T i f  1 0 0 0 ~ ~  < T .L 3 0 0 0 ~ ~  
W W 

-6 - 10 
1.17 - 1.945 x 10 y - (7.41 x 10-' - 2.35 x 10 y) T i f  

W 

T 3 3 0 0 0 ~ ~  
W 

0.375 

-14.6759 + 9. 1600 x 1 0-6y) 

rudius of particle 

velocity of particle 

pal-ticle wall temperature 

To transform this localized mass loss >-ate to that existing uniformly over the surface 

of a I-0tatir.g sphere, Stcllo uzed a modifying factor which rewlts ira ovel--all sul-face mass 

loss rate : 

M = 0.130M 
ox surf ox stag 

In uddition to oxidation, there w i l l  be sub1 imation of elemental graphite i f  :SF! cur- 

.,.: 
face temperature reaches the scbl imation tewperature during re-entry, I ne subi irrtation tempe:a- 

ture :s a function of the pressure existing at the body surface, and i t  decreases with a decrease 

tn pressure.. Tables have ueen compiled for this relationship and programmed for use on the 

digital computer. 

Tc .-.alculate the mass loss due to suhlit~ation, i t  i s  necessary to write c heat balance 



between effective surface heat input and surface radiation. The net heat available can then 

be divided by the heat of sublimation of graphite to predict a mass loss rate from the surface. 

This relationship appears as follows: 

- 
25,600 

w sub 

where : 

G 

f 

T 
W 

Tsub 

CP 

4 

Hsub 

= net convective stagnation heat f lux 

= 0.25 (conversion factor for surface heat f lux on 

sphere) 

= particle wall temperature 

= sublimation temperature of graphite 

-13 
= Stefan-Bol tzmonn Constant (4.8 n 10 B T U / ~ ~ ~  secO~) 

= emissivity (:rormally assumed 0.8 for graphite) 

= 25,600 BTU/Ib. for graphite 

2.1.9 F ission Product Decay Heat 

The internal generation of heat within re-entering particles due to radioactive decay 

processes should be inciuded in tl-.;! general analysis. A table has been compiled which shows 

the percentage of original power remaining as a functic.? of  time. By incorporating volume 

factors for the particle sizes involved, i t  i s  possible to determine the amount o f  decay heat 

generated during re-entry. This term was included u: d heat input in the following form: 



3 
'db 

- volume of palt icie (ft  ) 

3 
q~ 

= decay heat (B'JT/ft sec) 

2 1-10 Calculation of Particle Surface Temperature -- 

The calculation of surface tempel-at~~-e and its change with time necessitates 

determination of a heat balance among the different kinds of heat inputs and hear losses. 

For the purposes of this investigation, the mojor heat inputs were assumed to be convectige 

aelodynamic heating and fission product decay heat, and the heat 

bc entilel till-ough ~.ad;afion from the partic;e surface. This leads 

loss wa, considered to 

to the following 

equation 

T = ( i f  G A - 
w fit s T " A + ~ ~  w s 

V I i f  T , 7 0 0 0 ~ ~  
1v 

\-ate of change of ternpel-ature at particle wall 

3 
decay heat (BTU/ft sec) 

ael-odynamic heat flux which includes heat of 

2 
reaction (0 TU/ft sec) 

0.25 fcr sphere 

2 
4 n I- for sphere 

Stefan-Bol tzmann Constant 

emissivity (0.8 for graphite) 

specific heat (constant pressure) of graphite 

volume of particle 

mass of particie 



2.1.1 1 - Summary of Program Formulation 

The various parameters which have been described as park of the analytical 

made, were assembled by means of a FORTRAN code into the over-all profjrctm. This 

technique produced a set of equations which were solved sim~ltaneousiy and continuousiy 

by the IWI 7090 digital computer throughout the re-entry f!ight of the graphite particle. 

C).~tputs of interesi were printed a j  a function of time to furnish data for reduction to chart 

and grophicul form. The complete grouping of equations appeared as follows: 

a. Trajectory 

. . . . .. - - - D 
( i R Q  + R e )  - A  L 

R 
cos 8 - - 

.U 
sin Q (Tar.gential) 

. . . . ' 2 L D - = R (R - R Q ) * g - cos e - - sin Q (Radial) 
R M 

b. Aerodynamic P2ut Input (including heat of combusiion) --- 
4T = Q = (r 

2 (i) (10)' ( v ) ~ . ~ ~ ~  B T U / ~ ~  sec 

c. Oxidation Mass Loss -- - 

M = 0.130 (1. 
b 

ox surf 
(c) ( lola (v) 1bs/rt2 rec 

3 
= 'eff B T U / ~ ~  rec 

q~ - v. 

e. Radial ,n Heat Loss -- 

f Q - f T w  
4 

M z; 
2 - I bs/t t sec 

sub -- 25,600 



g. Particle Radius Change 

q. 2 PRFSEbITATiON OF ANALYTICAL RESULTS 

The various range; of input paramete s used for soiution in the digital program are shown 

in Figuce 2-2. These covered the complete range of conditicris desired for evoluation i n  the 

p!og:-am and permitted bracketing of pqrticie size for which complete burn-up could be pre- 

dicted. 

The complete output from ihe computer consisted of the follcwing ter-ms as functions 

of time; 

a. Altitude 

b. Porticie surface temperature 

c .  Particle radius 

d. Particle velocity 

e. Particle mass 

f. Oxi ; !on mass loss 

g. Sublimation mass loss 

h. Stagnation heat flux 

i. Flight path angle 

i. Horizcntal flight distance 

. Tangential velocity component 

I. Radial velocity component 



It was not possible, in the available time, to to~iduct a complcte study of al l  data 

and to present resul* 5:: detailed form. However, the parameters of greatest interest have been 

investigated and assembled in cgaphical forr': to show effects of re-entry variables on aero- 

dynamic heating rates and partitie bum-up for o representative range of particls sizes. 

Figures 2-3 to 2-9 show the variation of velocity wi?): alti:ude for a number of 

particle sizes as a function of re-ntry angle, initial altitude, initial ternpature and initiai 

velocity. The following conclusions muy be drawn: 

a. Maximum deceleration occurs at a higher altitude for ci smaller 

re-entry angle. 

b. .Maximum deceleration occurs at a higher aiiitude for a smaller 

particle size. 

c. Maximum deceleration takes place between 300, OOr? - 150, Oo feet. 

d. At 100,000 feet, the velocities of a i l  particles have fallen to 'cw 

vaiiles i3 - 2000 ftjsec depending on particle size). 

e. The initial particle temperature has no effect on the re-entry trajectory 

of any particle size up to 1'' diameter, when re-entry i s  from an dtitade 

6 5 
of 1.8 x 10 feet or 4 x 10 fee:, 

6 
f. The basic traiectorIes are similar for re-entry from 1.8 x 10 feet or 

5 
4 x 10 feet since initia! decelerai:t~n occurs in the range 400,000 - 
300,000 feet. Above 400,000 feet there i s  octually an acceleration 

of the particle due :o gravitational attraction in the absence of drag. 

Figure 2-10 illustrates the change in particle radius with a1 titude, due to mass loss 

through oxidation. It can be seen that: 



a. The iarger particle sizes (1" and 1/2" diameter) exhibit a negligible 

size charlge on re-e~try, which i s  independent of re-entry angle. 

b. Pcrrtic:es of less thcn 1/4" diameter show a larger relative change in 

size. Also, the total decrecse in radius i s  sreater for the smaller 

reentry angles indicating a greater mass loss for the shallow re-entry 

path. 

c. Particles of 1/32'' diameter wi l l  be reduced to 25 micron size above 

0 
IGC, CGC feet i f  continued oxidation below 1000 R i s  assumed. There 

i s  seriws doubt that this would be the case, due to low particle tempera- 

0 
ture. Scala's lower temperature limit i s  1000 R and if i t  i s  assumed that 

oxidation ceases completely at 1 0 0 ~ ~ ~ .  then the 1/32" particle radius 

:vil l be 150-256 microns at 1 OG, 000 feet, depending on re-entry angle. 

d. On the b~sis of later amiysis (not plotted here), i t  appeors that 1/64" 

diameter particles wit l be reduced to 25 micron diameter above !OG, 000 

0 
feet, even if no mass loss from oxidation occurs below 1001) R. 

e. Initial temperature of the particle has no effeci on radius change during 

re-entry. 

Figures I l  - I  l indicafes the percentage of particle mass consumed as a function of altitude 

for 1/24." and 1/32'' diameter bodjes. From this information i t  can be conciuded that: 

a. More mass i s  iost from shallow angle re-entry. Although peak heat 

fluxes are higher at larger re-entry angles. The integrated heat flux 

i s  greater for small re-entry angles due 3.0 the much longer flight path. 

b. The 1/24" diameter particles wil l  be only 35 - 80% consumed i f  ~xidotion 



i s  presumed to cease below 1 0 0 0 ~ ~ .  The total mass consvmption 

increases with a decrease in re-entry angle. 

0 
c. If oxidation i s  assumed to ca t i nu t  below 1000 R, extending Scalo' s 

theory, then the 1/24" diameter particles wil l  be reduced to 25 micron 

size (at 100,000 feet) for shollow re-entry angles. 

d. The same theory i s  true of particles of 1/32" diameter, except that 

with continued oxidation, al l  particles wii l  be completely consumed 

at any re-entry angle. 

Figures 2-12 to 2-14 piot stagnation heat flux as a function of particle size, re-entry 

angle and altitude. This i s  dale for 1/24" end 1/32" diameter particles. The following 

effects are noied: 

a. The stagnation heat flux i s  greater for smaller particle sizes, at the some 

velocity and altitude. However, due to more rapid deceleration of the 

smaller particle at higher aliitude, the peak heat flux i s  about the same 

for the larger particle size at the same re-entry angle. 

b. The peak stagnation heat flux increases with an increase of re-entry angle, 

0 
reaching o maximum at a 90 (vertical) angle, 

c The altitude range of high heat flux input i s  limited, lying between 200,000- 

300,000 feet. The peak heating occurs at o velocity about 85% of the 

initial re-entry velocity. 

d. There i s  no effective aerodynamic heating above 400,000 feet, nor below 

150,000 feet. Above 4G0, 000 fee' air density i s  insufficient to cause heating. 

Relow !00,000 ieet, particle velocity i s  too low to cause beating. 



e. The integrated heat flux i s  greater for a shallow re-entry angle al- 

though peak heat flux i s  greater for steep re-entry. This i s  because 

the totai flight time i s  much longer with the smaller angle, thus 

leading to higher integrated heat fluxes, 

One plot of particle surface temperature versus aititude was made for a 1/32" diameter 

re-entering body, I t  i s  seen in Figure 11-16 that the temperature curve follows the form of the 

heat flux curve, which i s  to be expected. A peak temperature of 5 0 0 0 ~ ~  i s  calculated for a 

90° reentry at 250,000 feet, and a peak temperature of 3 8 0 0 ~ ~  i s  obtained at 320, COO feet 

-0 
tar a 5 re-entry. The temperature calculations were based on a particle surface emissivity 

There was no mass loss due to sublimc~tion in any particle size, since surgace tempera- 

tures did not reach the sub1 imation temperature upon re-entry, 

3.0 EXPERIMENTAL PROGRAM 

The purpose of the experimental program on graphite materials i s  to obtain empirical 

data under simulated re-entry conditions for comparison with theories of re-entry burn-up. 

Only in this manner can thecry be validakd and then extended to predict burn-up characteristics 

under a variety of conditions. Therefore, experimental wor!: must be conducted under close1 y 

controlled conditions so that the data can be considered reliable for comparative purposes. 

Facil ;ties available for conducting simulated re-entry experiments are of four general 

Z 

types ; 

a. arc plasma wind tunnels, 

b. hypersonic blowdown wind tunnels, 

c ,  Lallistic rangesand 



d. shock tubes. 

The arc plasma wind tunnel i s  able to duplicate stagnation enthalpy, stagnation pressure 

and gas density at a given altitude and velocity. It i s  not able to reproduce free stream 

velocity or exact chemica! composition of air under re-entry conditions due to ionization 

of air by the arc. However, it is  capable of being operated for extended run times, which 

i s  an important factor in materials studies. Hypersonic wind tunnels more closely reproduce 

free stream velocities and gas composition, but stagnation pressures are too high to simulate 

altitude. Short run times, less than a minute in  duration, arc the general rule. Ballistic 

ranges actual I y accelerate smcl l particles to hypersonic veloci ties, but f I igl.i times are 

extremely short. Recovery of particles after test also presents somewhat of a problem. The 

shock tube i s  extremely weii suited to gas dynamic studies, but run durations are measured 

in milliseconds. This makes the device basically useless for m y  realistic materials study. 

Out of many discussiax, and visits to various laboratories (19 in ,I1 contacted) 

Plasmadyne Corporation was selected to perform the arc plasma tests. An experimental 

program was out1 ined to include bc:n-up tests on both fueled and unfueled graphite core 

materials. The tests on pure graphite were performed first because developed theories are 

based on the use of pure, dense graphite. 

I t  i s  physically impossible to test a free body (such as a sphere) in a plasma tunnel. 

Shapes must be supported in some type of insulated holder which does pot create turbulence 

in the laminar stream. A common method of specimen preparation involves machining or 

grinding of hemispherical shapes incorporating a projecting shank, whereby the specimen 

can be mounted at the tip of a cone-shaped holder. In this manner, only the hemispherical 

portion i s  exposed to stagnation heating in the plasma stream. T3 keep the heat from flowing 



out of the specimen, a suitable thermal insulator should be interposed between the specimen 

and the holder. 

The objective ci tests in  the plasma arc tunnel was to measure the moss loss rate, due 

to oxidation, of various size graphite hemispheres exposed to a plasma stream. Several 

parameters aie controllable to produce varying conditions of simulated velocity and altitude. 

By exposing equal size specimens for different time intervals at one test condition, it i s  

possible to determine average weight loss as a function of time after equilibrium has been 

established. Several test conditions are empmyed to determine mass losses over a range of 

re-entry altitudes and velocities. 

To compare experimento! data obtained in this init ial phase involving unfueled 

with the predictions of Scala's theory, i t  i s  necessary to know the simulated 

altitude, velocity and surface temperature of a particle of stated size wnich i s  exposed 

the plasma arc tunnel. These are the only three variables necessary to predict ?article 

mass loss rote. Therefore, the experimental program was oriented around a representative 

range of particle sizes which would logically cover the anticipated burn-up range. 

3.1 Experimental Procedure 

Specimem of Graphitite "G", a de~se grade of structural graphite, we1.e lothe- 

turned to hemispheres of 1 ", 1/2", 1/4." and 1/8" diameter. Approximately 100 of these 

specimens were prepared in  the different sizes. The shap; of the specimen i s  shown below: 

Graphite 
Hemisphere 

Shank a 

GRAPHITE 
SPECIMEN 



*4 
The surfaces of these specimens were machined to a fine finish, to keep surface porosity 

to a minimum, since surface condition wil l  effect oxidation rates. Scala's theory assumes 

a non- porous reaction surface. 

Initially, specimen holders were prepared from Lavi te (a form of magnesium silicate) 

and from phenolic nylon. It was thought the insulating properties of Lavite would be cttractive 

and its high temperature strength would be advantageous. Nylon was be1 ieved to be a good 

"ablation" material and would form surface char layers under high heat fluxes without 

degradatian. An insulating length of Lavite was inserted in the nylon holders as a thermal 

barrier between the graphite specimen and holder. The holder specimen arrangements appeared 

as shown below: 

- -  - - - -  - - - - - - - - -  

---7 
Nylon or Lavite 

Specimen 314 " 2 
Holder 

I 

I 

I - - - -  
I 

I 
t 1 
I 

'- Approx. 3" -* 3 / 4 4  

The initial experiments in  Plasmdyne' s arc tunnel were unsuccessful because the 

holders functioned poorly. The Lavite suffered badly from spalling due to thermal shock. 

'She nylon warped, sagged and melted internally near the tip. The longest run time was 

approximately 15 seconds before failure occurred. 



Following this experience, i t  was decided that graphite would probably be the only 

suitable holder material provided its high thermal conductivity could be blocked so as not to 

transfer too muck, heat out of the specimen. Holders of graphite were fabricated for the di f-  

ferent specimen sizes and tests quickly showed the material was ideal for the applica!im. 

At- the present time, methods are being developed with the use of pyrolytic graphite to reduce 

heat transfer from specimen to holder to a minimum value. I t  i s  realized the init ial test 

results reported here could give somewhat different values of mass loss than the realistic 

case, due to heat transfer out of the specimen into the holder. The improved holder assembly 

wil l be used as soon as the pyrolytic graphite insulators are available. 

Table 3-1 shows a summary of test point data determined during equipment cali- 

bration for the experimental runs. Each test point simulates a specific altitude and velocity 

by duplicating the stagnation enthalpy and stagnation pressure at the specimen surface Test 

points B, C, and D are for air; point B i s  for argon. The relationsi~ip between test points, 
1 

altitude and velocity i s  as follows: 

Test Point Velocity Altitude 

B 17,500 f t/sec 190,000 t i .  

1 17,500 tt/sec 190,000 f t. 

C 24,000 f t/sec 250,000 ft. 

D 25,500 f t/sec 350,000 f t. 

3.2 Test Results 

Table 3-2 lists the data on weight loss versus time for various 

different test points. Three exposure times were run at eurh test point 

size specimens at the 

for each size in  order 

to provide curves which could be interpreted to furnish an accurate mass loss rate. The 1/2" 





Model Diameter 

Point 0: 

Half-inch 

Point C: 

Half-inch 

Point B: 

Half-inch 

TABLE 3-2 

MODEL WEIGHT LOSS RATES 

Model Number Run Time Change in Weight Weight Loss Rate 
(seconds) (grams) (gms/sec) 



MODEL WEIGHT LOSS RATES 
( continued) 

Model Diameter Model Number Run Time Change in Weight Weight Loss Rate 
-seconds) -'--'- 

\;;I am~; (g ms/se c) 

Point B 1 '  

Half -inch 

At- 



size was run in  arpw, to Jetermlne whether the samples lost wei9ht by cmy process other 

than oxidation, The fact that there was some measurable weight loss in argon indicates 

that factors other than oxidation are operative in  the burn-up behavior of these graphite 

specimens. 

Figures 3- 1 to 3 -3 show the average tempe i ,,i.~res measured cn the surfaces of 

thr  I/?', 1/4" and 1/8" diameter specimers as (1 function cf (1) exposure time i n  the 

plasma r,tream and (2) test point location. A ~ I  ernissiv:'y value of 0.9 ( 6 = 0,9) was 

assumed for both optical a rd  radiation pyrometer readings. Optical pyrometer readings 

were obtaired on the 1/2" and 1/4" sizes, hut the 1/C" diameter specimens were too 

small tc be read acculately with arr optical pyroizeter. Therefore, a {adiation pyrometer 

was used Results obtained by this method on the 1/6" specimen size are of questionable 

accuracy because the radiatioti pyrometer was removed some distance from fhe smal l specimen. 

Figures 3 -4 acd 3 -6 show mass loss rates as functions of specimen size, test point 

locaticn and total exposure time. In a l l  case;, a reasonable tinerlr p lot  was obtained after 

a suitable induction time for attaining equilibrium surface temperatures, The average mass 

loss rate decrear~d with increas!ng exposure time in a l l  rA:as, 

Figures 3-7 to 3-i6 :llustrc8ia the actual surface temperature-time histories of each 

model (specimen) exposed, This i s  done for each test point and each exposure within a test 

point. These curves are very useful in arriving at conclusic?ns regarding (1) actual crverage 

surface temperature and (2) time to reach equilibrium surface temperature as a function of 

specime~ size and test point location, The exposure times were sufficiently iong in  mosr 

cases to perinif a rtlasonably accurate average surface temperatu~e to be realized, 



3.3 Discussion of Results 

The exposure of graphite specimens in the arc plasma wind tunnel demonstrates 

that rcas~ncble agreement was reached with the theory. This i s  considered to be signi- 

ficant and indicates that the basic assumptiom used in the analysis are generally valid. 

The calculated average moss Im rates from the surfaces of the specimens tested showed 

a steady decrease with increasing exposure time. It i s  bet ieved this i s  associated with the 

change in radius of the particies with extended exposure times and can be corrected in 

subsequent runs by limiting the exposure times to produce only small changes in radius. 

In addition to this interpretation, there are other effects which might exist at the surface 

which could possibly inf luecce mass loss rates. These include: 

a. Increase of surface emissivity, leading to greater radiation from 

the surface and lower oxidation rates. 

b. Formation of a thickened boundary layer which slows down diffusion 

of reactants and products, effectively reducing oxidation. 

c. Charge of porosity of the surface due to oxidation, thereby chonging 

the rote of surface reactions. 

For the purpose of assigring mass loss rates and surface temperatures for comparison 

with theo:y, either or both extremes of values may be considered, or an average may be 

taken. For initial comparison, average values are used. 

Concerning temperature equilibrium at the surface, the following average times ccn 
f 

be assigned for reaching equ;irbri;.m from start of exposure to the plasma stream: 

;/2" size 1 min. 

I 
1 

1/'4" size 15 sec. 

5 sec. 



The data on the 1/23'' size are somewhat erratic, as discussed previously. However, i t  

appears reasonable to assirme that the smallest particles w i l l  reach equilibrium very rapidly. 

The above times, based on conservative assumptions, are adequate for computing times to 

equilibrium, It must also be remembered that in  a free particle, or in one which i s  thoroughly 

insulated, equil ibriun wi l l  be attained more rapidly. 

The surface temperatures are anproximately the same for 1/2" and 1/4" specimens 

at a giver. test point. This would not be expected, unless the conductive heat loss i s  higher 

for the smaller particles. It i s  certain that convective stagnation point heat flux i s  higher 

for the smaller particles since the heat flux i s  inversely proportional to the square root of 

the radius. The reported temperatures on the 1/8" specimens are entirely too low to be real istic 

and prabably reflect errors in  radiation pyrometer readings, Another factor may be the pro- 

portionateiy larger amount of heat loss to the holder in  the smaller specimens. Future tests 

w i l l  be conducted with the hoider: insulated as thoroughly as possible from the specimens. 

3.4 Comparison of Experime~tal Data with Scala' s Theory 

Four cases were considered to provide a comparison between experimental data 

and Scolc' s theory. These were i/2" and 1/4" particle diameters at test points B and D. 

The results are shown in Table 3 -3. 

Tne experimental data show greater mass loss rates than those predicted by Scala' s 

theory. However, the maximum discrepancy i s  only one order of magnitude, which can be 

considered low in view of both the previously discussed limitations of the experiment and the 

assumptions of the theory. The agreemeot i s  better for tho larger particle size and for the 

lower altitude position for both particle sizes. Scala's theory assumes continuum flow through- 

out the re-evtry, which leads to lower burn-up rates thun would be the case i.1 free molecule 



Atom~c tnergy A C V  - 

TABLE 3-3 

COMPARISON OF EXPERIMENTAL DATA WITH 
SCALA' S THEORY O N  GRAPH IT€ BURN-UP 

DURING RE-ENTRY 

Mass Loss Rate 
Particle Exp. Test Sim. Sim. Measured 
Size Point Vel. Al t. Surf. Temp. Experiment* Theory** 

(ft/sec) 7 (lbs/ftZsec) (I bs/ft;LSec) 

1/2" dia. B 17,500 190,000 44 16'~ 3.48 x l o4  1.68 x loJ 

D 25,500 350, GOG 3678O 1.46 x 1 f 3  2.63 x 10 
-4 

1/4'! dia. B 17,500 190,000 4344' 9.46 x lo9 2.32 x lo9 

D 25,500 350,000 3732' 4.06 lod 3.82 x 10 -4 

* 
Actual mass loss rate doubled to account for sphere rather than hemisphere. 

* * 
Stagnation mass loss rate mu1 tip1 ied by 0.130 to transform to sphere surface 
mass loss rate (See Section 2.1.7 for method of calculation). 



flow. The actual flight regime of particles of this size wil l  be a combination of continuum 

and free molecule flow, leading to burn-up rates greater than those predicted by Scala. 

The smaller particles wil l  be in free molecule flow for a greater portion of their flight 

than the larger ones, therefore, experiencing a higher heating rate. Thus, the spread 

b8twee.r theoretical and experimental valbes should be greater for the smol ler particles, 

which is  indeed the case. The fact that better agreement i s  found at the lower ol titudes 

may be attributed to the samples being in  continuum flow only. 

4.0 FUTURE WORK PROGRAM 

4.1 Analytical Program 

Several detailed investigations are being conducted at the present iime to extend 

the assumptions applicable to.the basic analytical model. This i s  designed to permit the 

widest interpretation of possible re-entry parameters in the given model so as to cover the 

extremes of possible behavior. Two points being studied are: 

a. Variatior- of surface ernissivity ( 6) of the graphite particle. An 

emissivity of 0.8 was assumed for the cases discussed in this report. 

This i s  considered to be a realistic value for the graphite body 

under the general conditions of re-entry. A change of emissivity 

wil l affect the surface temperature and the mass loss rate. Emis- 

sivities of = 0.5 and f = 0 (no radiation from surface) are 

! 
being substituted in a number of re-entry cases to determine what 

effects wil l occur. In addition, comparison of these results with 

those of other investigators i s  required. 
I 
t 

b. Re-entry studies on 1/64" diameter particles. 



Further wor!: of a longer range nature w i l l  include: 

a. Anal:/tical studies on incorporation of free-molecule flow theory 

into the re-entry parameters for a range of particle sizes. This 

study i s  necessary to predict more accurately actual re-entry 

behavior. The present study has been based on continuum re- 

entry. 

b. Study of the sffect of varying drag coefficient during re-entry. 

c. Possible incorporation of other oxidation theories into a digital 

program. Theories by Zlotnick, Waber, and Dennison have been 

studied on a preliminary basis during Phase 1 and techniques can 

be applied to render them suitable for computer calculation. 

d. Modification of existing applicable theory on pure graphite to 

account for behavior of fueled graphite. 

4.2 Experimental Program 

Future work of an experimental nature i s  planned for the next phase of the NERVA 

program. Investigations are designed to include: 

a. Further runs on unfueled graphite using improved insulated graphite 

holders to reduce heat I ~ s s  from specimens. This wil l probably in- 

crease experimental mass loss rates. 

b. Tests on fueled graphite materials in the same specimen shapes and 

sizes as the unfueled graphite. Depleted cranium, simulatinj the 

enriched uranium loading, w i l l  be used to keep roc' :tivity to the 

lowest level possibie. 



c. Tests to simulate other altitudes and velocities. 

d. Study of shadowgraphs and color films of specimens before, during and 

after exposure to determine the effects of contous changes i n  the specimen 

shape which may cause difficulty in  the interpretation of unit mms loss 

rates, 

e. Tests at shorter run times, provided equilibrium temperature can be estab- 

lished faster i n  the specimens than i n  the init iai cases reported here. This 

wi l l  help to eliminate difficulties associated with change of specimen shape 

and large changes in radius. 

5.C SUMMARY AND CONCLUSIONS - 
.4nalytical and experimental programs have been carried out on unfueled graphite 

materials with the object of determining mass loss rates due to oxidation during re-entry. 

From the results obtained, an attempt was made to predict the maximum size of graphite 

particles which would be reduced to a 25 micron diameter tefore reaching an altitude of 

100,000 feet. This particle size would then be assigned as the necessary maximum particle 

size for apy type of destruct mechanism which i s  designed to eliminate the radiation hazard 

from re-entering nuclear reactor parts. 

The worlc on unfueled material was performed as a prelude to a study on fueled 

material, because a number of existing theories on the combustion of pure graphite could 

be studied analytically while there was no developed theory on the burn-up of fueled 

graphite. The first task was to determine whether existing theory could be verified by 

experime~tal work on simulated re-entry using unfueled material. 

The a~a ly t i ca l  program involved the application of S.M. Scala' s theory on 
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oxidation of graphite during re-entry to an IBM 7090 computer program. Scala' s theory 

was chosen because i t  appeared to be the most logical and because i t  could be reduced 

to a digital machine program without excessive difficulty, The input parameters and output 

data were formulated into a flow-type block diagram which consisted of a set of differential 

equations to be solved using an iterative method. In this manner, a step-by-step computation 

could be made at descrete time intervals during re-entry to give information on trajectory, 

aerodynamic heating rates, oxidation and sublimation of the graphite particles. Spheres of 

1" to 1/&" init ial diameter were chosen to re-enter ut altitudes of 300 and 65 nautical 

miles and at init ial temperatures of 4 0 0 0 ~ ~  and 3 0 0 ~ ~ .  Re-efitry angles varied from 1 0 

to 90'. A single reentry  velocity of 25,000 ft/sec assumed. 

Results of the analytical program showed that pure graphite particles of 1/32" 

diameter wi l l  be consuined by oxidation above 100, OGO feet, for any re-entry angle, 

0 
i f  oxidation i s  assumed to continue below 1000 R. No mass loss occurs due to sublima- 

tion, since surface temperatures do not become high enough. Shallow re-entry angles are 

the most favorable for burn-up. The init ial particle temperature at either altitude studied 

has no effect on total mass loss of any particle size considered. 

The first series of tests wos carried out on pure graphite specimens in an arc plasma 

wind tunnel. Three simulated points on a typical re-entry trajectory were chosen for exposing 

the specimens, co; responding to a1 titudes of 35G, 000 feet, 250,000 feet and 190,000 feet, 

with velocities of 25,500 feet/sec, 24, OGO feet/sec and 17,500 feet/sec, respectively. 

The specimens were hemispheres of 1/2", 1/4" and 1/13" diameter, mounted in  graphite holders, 

and were exposed in the plasma stream for various times to give measurable mass losses. The 

stream consisted of a mixture of oxygen and nitrogen to simulate the air composition at 



given altitudes. One series of runs on 1/2" specimens was made in pure argon to deter- 

mir!e effects on the specimen without the occurrence of oxidation.. Surface temperatures 

were mecwred with optical and radiation pyrometers. Tl~e object of the experimental 

progl-am wVas to determine mass loss rates as accurately as possible once the specimens had 

achieved ar equilibrium surface temperaturo. 

Average mass loss rates were calculated for each type of specimen under the 

different conditions of exposure and these values were used for comparison with the results 

predicted by analysis. The analytical and experimental data which were compared at the 

same points on the re-entry trajectory agreed within one order of magnitude in  a l l  cases, 

with most results differing by much smaller amounts. This agreement i s  considered to be 

quite good. The experimental data in  al l  cases gave higher burn-up rates than the theory, 

The initial work performed during this 6-month period does not permit final con- 

elusions to be drawr on the size of graphite particles which wi l l  be destroyed du ing re- 

entry. Furthe1 experimental work i s  necessary on unfueled material and extensive effort 

i s  required on the measurement of fueled graphite burn-up rates. I t  i; planned to e:::aiid 

!he ana l~ t ica i  wor!; to incIu& the free mcleruie r'iow regime during re-entry, as we I1 as 

invest~gation of other theories on the mechanism and kinetics of graphite oxidation. A 

modified theory must be developed to xcount  for the forthcoming experimental data 

on fueled graphite. With these points in mi;:d, the work program for the next phase of 

the NERVA contract wi l l  include the following eftt:.-t5:. 

a. rhalyt ical  studies on oxidation theories of ZlotrIck, Waber and 

Dennison, with possible incorporation intr, a digital computer 

program. 



Analytical studies of free-molecule theory incorporated tnto the re- 

entry parameters to predict more accurately aerodynamic heating. 

VariaDion of re-entry parameters such as drag and lift, due to change of 

shape of re-entering body. 

Correlation or modification of existing theory to predict oxidation 

characteristics of fueled graphite, based on experimental results. 

Initiation of experimental arc plasma wind tunrlel experiments ov 

fueled graphite specimens and determination of mass loss rates. 

Continuation of experiments on oxidation of unfueled graphite under 

improved test conditions for more accurate comporisor, w i th  theory. 

Final summation of re-entry behaviol of fueled and unfueled graphite 

derived from al l  available analytical and experimental data. 
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SYMBOLS - UNITS - 
Vo INITIAL RE-ENTRY VELOCITY 
80 INITIAL. RE-ENTRY ANGLE 
mo INITIAL PARTICLE MASS 
fo INITIAL PARTICLE RADIUS 

Xo INITIAL ORBITAL LOCATION ( X o '  O )  

yo INITIAL ALTITUDE 
y ALTITUDE 
V VELOCITY 
To INIT IAL SURFACE TEMPERATURE 
T, PARTICLE SURFACE TEMPERATURE 
Q CONVECTIVE HEAT iNPUT (STAGNATION POINT) 

qF FISSIOR' PRODUCT DECAY HEAT INPUT (VOLUME) 
m,, OXIDATION MASS LOSS R b T E  
hBUb SUBLIMATION MAS!; LOSS RATE 
r NEW RADIUS 
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A Particle Velocity as a Function of Altitude 
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SURVEY OF FISSION PRCDUCT RELEASE FROM NERVA FUEL MATERIAL 

3.0 INTRODUCTION 

One of the major sources of concern i n  regard to the eventual use of nuclear 

rockeb i s  related to the fission product activity of the reactor core after operation of the 

reactor. The problem of determining the fission product inventory for any given set of 

operating conditions requires knowledge of the fission product release under a wide variety 

of conditions. I n  particular, the requirements for data on fission prodbct release from NERVA 

fuel material arise i n  the following ways: 

Fission product relase during ground and flight testing of KlWl reactors. 

Use of fission product release data to determiee the operating behavior of fuel 

i n  KlWl reactors; this includes total burnup and power, power and temper- 

ature distribution, and operation of individual fuel elements. 

Fission product release from an intact core during a decay heat cycle. 

Fission product release during a nuclear transient which results i n  

fragmentation of the fuel. 

Fission product release from fuel fragments during re-entry heating. 

Fission product release from an intact core by water leaching or fuel- 

water chemical reactions. 

The information required must provide both a basic understanding of the 

mechanism of fission product release as well as engineering data which may be of a more 

immediate concern. The basic understanding of fission product release i s  required because 



there are many factors which can greatly affect the release rates. These include such things 

as method of fuei fabrication, fuel composition, type of cladding, hydrolysis reactions, thermal 

cycling and atmosphere effects (vacuum, helium, hydrogen, and air). 

The primary purpose of the present paper i s  to consider the problem of fission 

product release from an intact core during a decay heat cycle. This work i s  part of the over- 

a l l  safety and hazards analysis of the NERVA program. In  particular, the present paper describes 

the results of a literature review of fission product release from fueled graphite and considers the 

problem of planning an experimental program which wolr:d provide the kind of fission product 

release data required in  several phases of the NERVA program, 

2.0 THEORETICAL EXAMINATION OF PROBLEM 

The NERVA fueled graphite i s  a dispersion-type fuel In  which a fuel bearing 

phase, UCI i s  dispersed in  a porous graphite matrix. Figure 1 shows a sc !ematic representation 

of a clad UC2 - graphite dispersion fuel. The model shown in Figure 1 wi l l  he used to analyze 

the various mechanisms of fission product release from fueled graphite. The basic mechanisms 

of fission product release involve fission fragment escape by recoil and solid state diffusion. 

Solid state diffusion can be further subdivided by considering diffusion within graphite grains 

or within the cladding as contrasted with diffusion within the pores between individual graphite 

grains. As shown i n  Figure 1, the typical paths for release of fission products involve various 

combinations of recoil and diffusion mechanisms. In the case of fueled graphite where the 

UC prt ic les are relatively small (the order of 5 microns or less) the major faction of the 
2 

fission product atoms recoil from the fuel particles (estimated at about 80%) and come to 

rest within the graphite lattice or in the pores. For this reason, processes 1 and 2 in Figure 1 
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are probably the most likely paths for fission product release in  fueled graphite. One 

further point to consider relative to the diffusion paths in  Figure 1 i s  the possibility of 

rate limiting surface or interface reactions which may control fission product release. 

Some additional factors which must be considered i n  the analysis of fission 

product release from fueled graphite include open and closed porosity, cracks within the 

fuel-bearing or matrix phases, vaporization and corrosion of the fuel, and chemical inter- 

actions between fission products and the matrix and cladding phases. These considerations 

indicate that i t  i s  exceedingly difficult to obtain quantitative correlations between experi - 
mental variables and the basic mechanisms of fission product release. However, i n  experiments 

with carefully controlled variables, i t  should be possible to identity which of the many factors 

considered are contributing significantly to the releas. of fission products. 

3.0 REVIEW OF LITERATURE 

As indicated in Figure 1, the problem of fission product release from fueled 

graphite can be considered in terms of the various individual processes which make up the 

total release. In  this case, we would then be interested i n  the diffusion of fission products 

i n  UC graphite, i n  the pores between graphite crystals, and in  cladding materials such as 2' 

NbC or pyrolytic carbon. Unfortunately there i s  l i t t le or no information available on these 

specific subjects. Most of the available information on fission product release from fueled 

graphite was obtained on material of widely varying quality, density, composition, and 

fabrication techniques. For these reasons, i t  i s  not surprising that the fission product release 

data vary over a large range. I n  most cases, the reasons for the variations i n  behavior cannot 

be identified. 



The bibliography acquired in  the review of the literature covers three 

principal areas of siitdy. They are as fol lows: 

1) Results of fission product release studies by Los Alamos Scientific 

Laboratory (LASL) on several forms of KIWI fuel moteria!. 

2) Studies of fission product release from fueled graphite carried out i n  

laboratories where the principai interest was in  use of the fuel i n  a 

high temperature, gas-cooled (central -station) power reactor. 

3) Fission product release on related materials such as UC, UC and U02. 2' 

The following review of the literature wi l l  proceed in  the same order as the list of topics 

given above. The primary emphasis wi l l  be on the results obtained at LASL since these 

studies were carried out on material which was identical to or closely related to the KIWI 

B-4 material. 

3.1 LASL Data 

Table 1 summarizes some of the significant factors which describe the type 

of fueled graphite used i n  each of the LASL experiments. These factors include the sample 

dimensions, the fuel loading, and type of specimen tested; i .e,, admixture or solution 

impregnated. Admixture refers to a fuel made from a mixture of fuel and matrix particles 

(this i s  the type of material which has been used in the KIWI reactors) whereas solution 

impregnated refers to graphite which has been impregnated with a uranium containing 

solution such as uranyl nitrate. The LASL radiochemical data i s  given in terms of the Mo 
99 

concentration which i s  assumed to be completely retained within the fuel material inde- 

pendent of temperature history. 



TABLE 1 

SUMMARY OF CONDITIONS FOR FUELED GRAPHITE FISSION PRODUCT RETENTION STUDIES AT LASL 

CONDlTlONS FOR LASL EXPERIMENTS 

Variables 1958-1 * - 
Sample dimensions D = 0.240 inch 

L =  1.00 inch 

Sample composition 150 mg U/cc 

Type of specimen Admixture 
tested 

Heating atmosphere Heli um 

KIWI-A PRIME D = 0.230 inch D = 0.230 inch 
D = 0.75 inch L = 0.375 inch L = 0.375 inch 
L = 9 inches 
4 holes; 0.1 80- 
inch diameter 

Not given in 100 mg U/cc 97 mg U/cc 
reference 

Admix lure Admixture and Admixture and 
Solution Solution 
Impregnated Impregnated 

Flowing He Helium Flowing He 

KIWI-8-4 element - 
19 hole hex (3/4 inch 
across flats) 0.10- 
inch diameter holes 
L = 12 inches 

Li n d  = 200 mg U/cc 
Unlined = 450 mg U/CC 

Admixture 

Flowing He (p = 500 psi, 
Flow = 10 lbs/hr) 

* Numbers refer to references iven in bibliography. 
* The lining referred to i s  N$. A l l  the specimens, described i n  this reference, were coated with pyrolytic carbon. 

6D L 



(FDA- .-fim.CI A F - L U - 1  
L A  W a r o n u c / e a r  
~t-4 

Several examples of the types of fission product release data avai lable 

from LASL are shown i n  Figures 2 through 5. O n  comparing the results shown in  these 

graphs, it i s  important to note the conditions given i n  Table 1 which define the fuel type, 

dimensions and sample loading. For example, Figure 6 shows a comparison of data presented 

Reference 1958-1 * and 1961 -1 for material of somewhat different loading. The differences 

the two sets of results may be due to the variation i n  fuel loading or may indicate the 

inherent scatter of the data which may be expected i n  this type 

Table 2 gives two examples of the effect of fuel 

retention. For the case of the samples heated for 10 minutes at 

of experimentation, 

type on fission product 

1 9Z0c, retention i s  always 

greater for the admixture sample as compared to the so!ution impregnated sample, However, 

0 
after 65 minutes at 1950 C, Sr, Ag, Cs, Nd, and Eu are retained to a greater extent i n  the 

solution impregnated fuel. Thesz resu its indicate little, i f  any, difference in  fission product 

retention of admixture and solution impregnated fuel material, 

Since the current designs of the KIWI 8-4 element require a NbC cladding 

on the inside surfaces of the fuel element holes and a pyrolytic carbon coating on the external 

surfaces of the element, considerable attention has been given to the effects of coatings on 

fission product (elease. Example; of these results are shown i n  Table 3 and Figures 7, 8, and 

9. The results shown i n  Table 3, obtained on Kiwi A-Prime fuel elements heated for 5 

minutes at 2150°c, reveal that the highly retained fission products such as y9' and Cs 
1 44 

were not noticeably affected by the coating, The highly diffusable species such as Cd 
155 

11 1 
and Ag on the other hand were much more strongly retained i n  the coated element. 

Figure 7 shows this same behavior. I n  addition, Figure 7 shows the effect of the pyrolytic 

* Refers to references given i n  bibliography. 
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TABLE 2 

RETENTION OF FISSION PRODUCTS IN ADMIXTURE A N D  SOLUTION IMPREGNATED 

FUEL SAMPLES HEATED FOR 10 A N D  65 MINUTES AT 1925 - 1 9 5 0 ~ ~  

A. 10 Minutes at 1925~ + 1 5 ' ~  (1 960 - 2) - 

Matrix 
Type 

GROSS RETENTION O F  FiSSlON PRODUCTS 

Soln. imp. 0.0034 3.002 1 - 0.024 0.17 

Soh. Imp. 0.0032 0.0023 ----- 0.18 

Admix. 0.026 0.0034 -- 0.19 0.55 

Admix. 0.030 0.0038 ----- 0.57 

- - -- - - -  

Soln. Imp. * 0.01 0.31 0.97 0.003a 

Soh. Imp. -0.01 0.23 0.96 0.0057 

Admix. 0.096 0.56 0.99 0.052 

Admix. w 0.086 0.54 1 .OO 0.060 



Table 2 Con' t 
- - 

B. 65 Minutes at 1 9 5 0 ~ ~  (1961-1) 

% RETAINED 

Fission 
Product 

Solution 
lmpregna ted Admixture 



TABLE 3 

RETENTION OF FISSION PRODUCTS IN COATED AND UNCOATED KIWI-A PRIME 

FUEL ELEMENTS HEATED AT 2150 '~  FOR 5 MINUTES PLUS 1 MINUTE WARMUP 

(196C - 1) 

Fission 
Product 

% Retained* 

Uncoated Coatedx* 

Srn 153 56.0 54.1 

* Based on 100% Retention of Mo 99 

** NbC Coating on Hole Surfaces 



coating thickness on fission product retention. For a l l  the elements examined, the thicker 

coating appeared to give a significant increase in  fission product retention. 

Figures 8 and 9 show the gross retention of gamma-emitting fission products 

i n  uncoated and coated KIWI B-4 samples. The data indicates that the effect of the NbC 

lining on fission product retention decreases as the temperature increases. In  particular, 

the results shown i n  Figures 8 and 9 give ctn indication of the fission product release which 

might be expected during a decay heat cycle. The results indicate that approximately 70 

per cent of the gamma-emitting fission products would be released during a 5-minute decay 

h a t  cycle at 3200°c. 

The data given in  Figures 8 and 9 are not directly comparable to  that given 

previously since there are a variety of elements contributing to the measured activity. The 

init ial ropid decrease in  activity i s  probably due to the loss of the more volatile high yield 

fission products species (1961-2), The transition elements Zr, Nb, Mo, and Tc, and the 

triad elements, Ru, Rh, and Pd are presumably responsible for the decreasing loss rate as the 

retention goes below 30 per cent. One may expect that the rate of loss wi l l  continue to 

decrease with time and that increased temperature wi l l  be necessary to produce further 

significant reduction i n  activity i n  a reasonable period of time. it may be noted that the 

pl~rpose of the decay heat cycle would be to give rise to considerable greater fission product 

release (95% or greater) than i s  obtainable with the hecting times and temperatures used 

i n  the present study. 

3.2 Data From Other Sources 

In general, the fission product release data olatai ned by groups considering 

the use of fueled graphite in  central station gas-cooled reactors were obtained at temperatures 



considerably below that of interest to the nuclear rocket program. FOP this reason, much 

of the data given by the references do not contain data pertinent tc; the present discussion. 

However, there are some specific and general pieces of information which wi l l  be presented. 

Figure 10 shows the fission product retention in  solution impregnated fuel 

material containing approximately 200 milligrams of uranium per cubic centimeter. A 

comparison of Figures 4 and 10 shows that the fission product retention for both solution 

impregnated and admixture fuel are in relatively good agreement.. This result i s  consistent 

with the da:a presented i n  Table 2. 

One of the most useful ways of analyzing fission product release data i s  

to determine a diffusion coefficient for a given element i n  fueled graphite. The results 

of several determinations of diffusion coefficients are shown in  Figures 11 and 12, The 

calculated values of the diffusion coefficients given in Figure 11 as reported by Oak 

Ridge (1959-3) are based on the experimental data obtained i n  the early fission product 

release studies at North American Aviation Laboratory (1951 -1, 1952-1, 1953-1, 2, and 3) 

and IASL (1958-I).* Figure 12 shows some r e l a t i ~ e ! ~  recent work from Great Britain 

(1961 -7) which gives a comparison of the diffusion rates for fission products within the 

graphite grains and along the pores of the graphite. The pore diffusion process could 

not be described by either molecular or viscus flow, The results indicate that the rate 

controlling process in  pore diffusion i s  an activated surface migration on the pore walls 

of the graphite. 

- 

* At this time there i s  some question as to the validity of the equations used in  the 
calculation of the diffusion coefficients. This point w i l l  be checked in further analysis 
of the data. 
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Atomic Energy 'kcr = ,,, . 
The British studies (1961-7) also illustrate on interesting effect of oxygen 

on the rate of fission product release. I t  was found that the amocnts of Sr and Ba released 

from the samples in the fission product release experiments were not as great as would be 

expected from the diffusion constants obtained from analysis of the concentration profiles 

within the samples. This result was attributed to the fact that the Sr and Ba oxides are 

thermodynamically stable c t  the experimental temperatures and react with graphite to give 

oniy a low partial pressure of the metal vapors. Thus the actual fission product release rate 

wo.; controlled by the decomposition of the fission product oxide. 

In a l l  the studies reported on fission product release, there was only one 

mention made of a sample size effect on fission product release (1953-1 j. The release 

rates for Babnd possibly Pr) were significantly afferied by geometry as indicated by the 

data given In T d e  4. The exp'inotion for the size dependence of fission product release 

i s  not kncwn. I t  i s  anticipared that i t  i s  related to some aspect of pore diffusion rather 

than diffusion within graphite crystals. 

3.3 Fixion Product Release fro, r Related Materials - 
The most complete studies of fission product reiease from nuclear fuel ma- 

ta ia l  hove bzen carried out on U 0 2  The results of these studies hove been reviewed 

recently by Lustman (1961 -9). The work on U02  indicates the .-omplexity of the problem 

of fission product release and points out the magnitude of effort required to obtain an under- 

standing of the problem. One further point, i t  was suggested by Long (1960-5) that approximate 

value for the diffusion rates of fission produci-s in solid uranium oxide may be obtained by 

using the known values for diffusion in  UOZ 

Fission product release studies have been carried out on a solid solution of UC 

i~ ZrC (1959-1). Results of experiments carried out at 2 4 0 0 ~ ~  are shown in Tables, 



TABLE 4 

DIFFUSION OF SOME FISSION PRODUCT ELEMENTS UNDER VARYING CONDITIONS 

ACCESSIBILITY TO SPECIMEN SURFACE* (1953-1) 

Description of 
Diffusincr System 

Percentage of Element Remaining in  
Sample after 3 Hours at  1 7 0 0 ~ ~  

Iodine Barium Strontium 

Top disc in  
stack of threc 

Middle disc in  
stack 

Bottom disc in  
stack resting on 
unfueled graphite 

Two discs blanced 
on edge 

* Samples were impregnated graphite discs 0.62 - inch diameter and 0.1 - inch thick. 

Fission product release studies were made on the sample i n  various positions as indicated 

-in the table. 



TABLE 5 

COMPARISON OF FISSION PRODUCT RELEASE FOR FUELED GRAPHITE (ADMIXTURE 

TYPE) AND A UC-ZrC SOLID SOLUTION AT 2400'~ 

Isotope 

Per Cent Retention of Fission Product 
Admixture 

Fueled Graphite* UC-ZrC* * 
(4 min. at  2400°C) (3 hrs. at  2 4 0 0 ~ ~ )  

-; ** Fuel Coniuins 20 Mole Per cent Uc (1959 -1). 
I : 



along with resi~lts obtained on fueled graphite. It should be noted that the results obtained 

on the UC-ZrC (20 mole per cent UC) solid solution were obtained after 3 hours whereas 

the fission product release data for the admixture fuel were obtained after 4 minutes. It 

can be seen that fission product release from the solid solution i s  several orders of magnitude 

less than that from fueled graphite. The estimated diffusion rates of Fission prcducts from the 

-4 a O 
UC-ZrC solid solution range from 10 to 10 centimeters square per second at 2400 C. 

Several interesting results concerning the diffusion of fission products from 

coated particles dispersed i n  graphite had been obtained from studies related to the high 

temperature gas cooled reactor program (1960-3, 4, 6 and 1961-3, 5, 6j One of the fuels 

consid~red for this program consists of either UC or ThC -!JC particles coated with 
2 2 2 

pyrolytic carbon dispersed i n  graphite. Results of release of Xe and Ba from the particles 

alone are shown i n  Figures 13 and 14. Figure 13 illustrates the xenon retention i n  coated 

and uncoated UC particles. The results clearly indicate the significant effect of a 70 2 

micron coating of pyrolytic carbon on fission product retention, The results shown i n  

Figure 14 were obtained on a UC -graphite compact where the UC concet+ation was 2 2 

approximately 30 per cent, The effect of the 35 micron pyrolytic carbon coating on 

fission product retention i s  clearly indicated, 

4.0 DISCUSSION OF FISSION PRODUCT RELEASE DATA 
- --- ~~~ -- 

The survey of the literature on fission product release from fueled graphite 

clearly indicates the deficiencies of the experimental data with respect to the particular 

needs of the NERVA program, The va!ue of the available data may be described as follows: 

1) There i s  sufficient data available to permit rough estimates of the 

magnitude of fission product release for relatively short time operation 
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of the nuclear rocket and p~st-operation heating of core material. 

2) The available results can be put i n  an analytical form to permit use 

in analysis of fission product release under such conditions as re-entry 

heating and decay heat cycle. 

The studies to date, however, have not treated fission product release cs a function of 

sucti factors as fabrication variables, composition, coating variables, temperature history 

and atmosphere effects. The work conducted to date forms an excellent point of departure 

for future experiments, which are required to meet the ultimate needs cf the NERVA program. 

Consideration of tire specific data needed for the safety and hazards 

analysis of the nuclear rocket leads to the selection of the following goals for future 

fission product release experiments. 

1) Study of fission product release during various decay heat cycles 

as a function of: 

a. Prior operating temperature and burrwp of the fuel material 

b. Number of operating cycles of the fuel material prior to 

the decay heat cycle 

c. Time and temperature of the decay heat cycle 

d. Atmosphere present during decay heat cycle (vacuum, 

hydrogen, helium and possibly oxygen) 

2) Study of fission product release during re-entry heating. This would 

involve: 

a. Setting up an analytical model for fission product release 

b. Combined analysis of re-entry heating and fission product --- - 
-~L I~ I *J=MITA 

p c C r n r * s r n  A A .C 4 
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release 

c. Fission product release experiments on fragmented fuel 

material 

d. Possible ablation studies on irradiated fuel material to 

determine Rssion produci release. 

5.0 RECOMMENDATIONS FOR FISSION PRODUCT RELEASE EXPERIMENTS 

An experimental program wi l l  be described which can provide the kind 

of fission product release data eventually required for the safety and hazards analysis 

of the NERVA program. These experiments involve irradiation of encapsulated sections 

of NERVA fuel material at the temperatures and burnups desired. Experiments can be 

carried out on short lengths of fuel material, such as KIWI 8-4 samples of various geometric 

sections, which would be suitable for yielding quantitative information on fission product 

release. Samples would be irradiated for times 

conditions. The Irradiated fuel material would 

of experiments: 

1) 

2) 

3) 

4) 

and temperatures corresponding to NERVA 

then be subjected to the following series 

Post-irradiation examination of the fuel and determination of fission 

product release. 

Post -irradiation heating experiments to determine fission product 

release during various heating cycles, 

Re-irradiation of the irradiated material at NERVA conditions by 

re-inserting the fuel into a reactor, 

Re-irradiation of the irradiated fuel material at higher temperatures 

to approximate a decay heat cycle, 



The experimental approach described above can be accomplished by 

irradiating fuel sections in  a reactor hydraulic rabbit facility. The period of irradiation 

can be controlled from about 15 seconds up to several weeks. The temperature of the fuel 

during irradiation could vary from approximately operating temperature to the sublimation 

temperature (3350'~) or higher. The flux in  severa I of the currently operating test 

rsactors i s  such that a 5-minute NERVA irradiation can be atcomplished in  a period 

of somewhat less than 10 minutes. The difference i n  irradiation time i s  not considered to 

be significant. These experiments would permit: 

1) A close mock-up of a decay heat cycle. 

2) Irradiation of fuel material at NERVA operating temperatures. 

3) Studies of the physical behavior of fuel material during irradiation 

at very high temperatures ( > 3 0 0 0 ~ ~ ) .  These experiments would 

permit an examination of the structural lifetime or disintegration 

(by vaporization or other means) of fueled graphite. This study 

would provide useful information to other NERVA studies such as 

the definition of a maximum credible incident and fuel behavior 

during a nuclear transient destruct. 

4) Variation of the atmosphere within the capsule. 

5) Wide variation in specimen gecmetry. Experiments can be carried 

out on sections of KIWI 8-4 material or on fragments of fuel material 

such as might be formed by a nuclear transient or explosive destruct 

system. 



6) A large number of studies to be made in a short period of time at 

relatively low cost. 

A schematic diagram of an irradiation capsule which would permit variation 

of the fuel temperature up to the sublimation temperature or higher i s  shown i n  Figure 15. 

The fuel material would be surrounded by either graphite or NbC. An alternate fuel 

configuration i s  shown in Figure 15 which would also permit studies of the diffusion of 

fission products i n  graphite, pyrolytic carbon, or NbC. An irradiation capsule of similar 

0 
design i s  currently being used for high temperature (up to 3500 C) irradiation experiments 

on carbide fuel material. 
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